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DESCRIPTION 

METHOD OF FABRICATING GROOP-III NITRIDE SEMICONDUCTOR CRYSTAL, 
MEiTflOP OF FABRICATING GALLIUM NITRIDE -BASED COMPOUND 
SEMICONDUCTOR, GALLIUM NITRIDE-BASED COMPOUND SEMICONDUCTOR, 
GALLIUM NITRIDE -BASED COMPOUND SEMICONDUCTOR LIGHT-EMITTING 
DEVICE, AND LIGHT SOURCE USING THE SEICONDUCTOR LIGHT-EMITTING 
DEVICE 

Field of Art: \ 

This Invention relates to a method of fabricating a group-Ill 
nitride semiconductor crystal that can be used for fabricating 
a light -emitting diode (LED) , a laser diode (LD) , an electronic 
device and the like, a method of fabricating a gallium 
nitride-based compound semiconductor, a gallium nitride-based 
compound semiconductor, a gallium nitride-based compound 
semiconductor light -emitting device and a light source using 
the semiconductor light -emitting device. 

Background Art: 

Because they have a direct -transition type bandgap energy 
extending from visible light to ultraviolet that makes it possible 
to emit light with high efficiency, group- III nitride 
semiconductors are used for LEDs and LDs. At heterojunction 
interfaces with aluminum gallium nitride (AlGaN) and gallium 
nitride (GaN), the manifestation of a two-dimensional layer 
of electrons due to a characteristic piezoelectric effect of 
group-Ill nitride semiconductors is among potential 
characteristics of such semiconductors that cannot be obtained 
by conventional group III-V compound semiconductors. 

However, a nitrogen dissociation pressure that at 
single -crystal growth temperatures can reach 2000 atm. makes 
it difficult to grow group III compound semiconductor single 
crystal. Currently, it is therefore difficult to utilize a 
single-crystal substrate of such a group -III nitride 
semiconductor as a substrate for epitaxial growth of other group 
III-V compound semiconductors. Thus, as an epitaxial growth 
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substrate, there are used substrates of different substances, 
such as sapphire (AlA) single-crystal or silicon carbide (SiC) 
single-crystal. 

There is a large lattice mismatch between such a substrate 
and the group- III nitride compound semiconductor crystal that 
is epitaxially grovm on the substrate. For example, there is 
a lattice mismatch of 16% between sapphire and gallium nitride 
and 6% between SiC and gallium nitride. Generally speaking, 
the existence of such a large mismatch makes it difficult to 
epitaxially grow the crystal directly on the substrate, and 
even when such growth is achieved, the crystallinity is not 
good . When the metallo-organic chemical vapor deposition (MOCVD ) 
method is used to epitaxially grow group-Ill nitride semiconductor 
crystal on a single-crystal substrate of sapphire or SiC, as 
shown in JP-C 3,026,087 and JP-A HEI 4-297023, the method that 
is generally employed comprises first depositing on the substrate 
a layer of what is called a low- temperature buffer layer of 
aluminum nitride (AlN) or AlGaN, and then epitaxially growing 
the group-Ill nitride semiconductor crystal on the buffer layer. 

In the case of a sapphire substrate , the above low- temperature 
buffer layer is formed as follows . First , the sapphire substrate 
is heated to lOOCC to 1200"'C in an MOCVD epitaxial growth apparatus 
to remove any surface oxide film or the like. The system 
temperature is then reduced to around 400-600''C and a 
metallo-organic material and nitrogen source are simultaneously 
supplied to the substrate to form by deposition a low- temperature 
buffer layer. The supply of metallo-organic material is then 
stopped and the temperature is again raised to effect heat 
treatment to crystallize the low- temperature buffer layer . This 
is followed by epitaxially growing the desired group- II I nitride 
semiconductor crystal. 

The 400°C to eoo'C temperature at which the low- temperature 
buffer layer is formed by deposition is not high enough to thermally 
decompose the metallo-organic material or nitrogen source, 
especially ammonia used as a nitrogen source. As a result, in 
its as-deposited state, the low- temperature buffer layer contains 
many defects. Moreover, because the materials are reacted at 
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a low temperature, there is a polymerization reaction with the 
alkyl group of the met alio -organic material and the nitrogen 
source that is not decomposed, producing Impurities that are 
present in the low- temperature buffer layer in large quantities. 

The above -described heat -treatment crystallization of the 
low- temperature buffer layer is done to eliminate such defects 
and impurities . The impurities and defects in the low- temperature 
buffer layer are eliminated by performing the heat treatment 
at a high temperature close to the temperature at which the 
group- III nitride semiconductor crystal is epitaxially grown 
on the low- temperature buffer layer. 

As described above, forming the low- temperature buffer 
layer requires the step of depositing the buffer layer material 
at a low temperature and the step of crystallizing the layer 
at a high temperature. The fabrication conditions related to 
these steps have to be optimized in order to obtain a high-quality 
buffer layer. In the case of the low- temperature deposition 
of the buffer layer material, for example, the ratio between 
the metallo- organic material and the nitrogen source, the 
deposition temperature, the flow rate of the carrier gas and 
other such factors all have an effect on the properties of the 
buffer layer. And with respect to the crystallization step, 
factors affecting the properties of the buffer layer include 
the temperature at which the heat treatment is performed, the 
length of the heat treatment and the temperature elevation rate . 
The effects of these conditions on a low- temperature buffer 
layer of aluminum nitride were examined by I to et al. in th^;* 
Journal of Crystal Growth, 205 (1999). 20-24. 

In order to obtain a high-quality low- temperature buffer 
layer, these conditions must each be carefully considered and 
efforts made to optimize them . Moreover , it is normally necessary 
to adjust these conditions with respect to each MOCVD apparatus 
used. Transplanting a set of optimized conditions from one 
apparatus to another requires a lot of time and work. 

During the elevation of the temperature in the heat treatment 
used to crystallize the low- temperature buffer layer, the layer 
is changed by sublimation and recrystallization, giving rise 
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to a structure in which nuclei of gallium nitride crystals are 
sparsely dispersed on the sapphire substrate surface. Gallium 
nitride-based compound semiconductor crystals grow from these 
nuclei, and under a suitable nuclei distribution density these 
crystals bond to form a crystalline film. That is, a layer of 
gallium nitride-based compound semiconductor having good 
crystallinity can be formed by suitably controlling the 
distribution density of the crystal nuclei. 

However, the distribution structure of the crystal nuclei 
is determined only incidentally, by the thermal history during 
the heating phase and by the composition of the carrier gas 
during growth of the gallium nitride semiconductor layer. It 
is difficult to freely control the density, shape, size and 
other such properties of the crystal nuclei, which has limited 
the crystallinity of the gallium nitride-based compound 
semiconductors thus obtained. 

An object of the present invention is to provide a simplified 
method of fabricating a group-Ill nitride semiconductor crystal 
that enables formation of a high-quality group-Ill nitride 
semiconductor crystal, in place of the above-described method 
of using a low- temperature buffer layer that requires the 
optimization of many fabrication conditions . More particularly, 
an object of the invention is to provide a method of fabricating 
a group- III nitride semiconductor crystal that enables 
high-quality group- III nitride semiconductor crystal to be 
epitaxially grown on a sapphire substrate by a simplified method. 

( Hereinbelow, the group - III nitride semiconductor is represented 
by In^GayAl^N, where x + y+ z»i, Osixsl, Osyrsl, Os 
z s 1.) 

Another object of the present invention is to provide a 
method of fabricating a gallium nitride-based compound 
semiconductor, and the gallium nitride-based compound 
semiconductor, that enables density, shape, size and other 
properties of crystal nuclei constituting a layer provided on 
a substrate to be freely controlled to impart good crystallinity 
thereto, and enables good crystallinity to be imparted to a 
crystal layer formed by deposition thereon. 
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Another object is to provide a light -emit ting device and 
light source having good emission efficiency, low rate of 
degradation andlowpower-consumption, and which are also low-cost 
and require replacement at a low frequency. 

Disclosure of the Invention: 

The invention achieves the foregoing objects by providing 
a method of fabricating a group- ill nitride semiconductor crystal 
according to a first aspect , comprising a first step of depositing 
particles of a group III metal on a substrate surface, a second 
step of nitriding the particles in an atmosphere containing 
a nitrogen source, and a third step of using a vapor phase growth 
method to grow group- III nitride semiconductor crystal 
represented by In^Ga^l^N, where x + y+ z»l, Osxsl, 

y s 1 , and 0 £ 2 s 1 , on the substrate surface on which the particles 
have been deposited. 

The above method encompasses a case in which the substrate 
is a sapphire (AI2O3) substrate. 

The above method encompasses a case in which the group 
III metal is ln„Ga^l„. where u + v + w = l, Oisusl, o^v 
s 1, 0 £ w ^ 1) . 

The above method encompasses a case in which deposition 
of the group III metal particles is by thermal decomposition 
of raetallo- organic material. 

The above method encompasses a case in which the first 
step is performed in an atmosphere in which there is no nitrogen 
source at or above a melting point of the group III metal. 

The above method encompasses a case in which the second 
step is performed in an atmosphere in which there is no metal 
material at or above a temperature used in the first step. 

The above method encompasses a case in which the third 
step is performed at a temperature that is not lower than a 
temperature used in the second step. 

The above method encompasses a case in which the group-lli 
nitride semiconductor crystal is formed by a metallo-organic 
chemical vapor deposition method. 
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The above method encompasses a case in which the group 
III metal particles nitridedin the secondstep are polycrystalline 
and/or noncrystalline group-Ill nitrides and also include 
unreacted metal. 

In accordance with a second aspect of the invention, the 
foregoing objects are also attained by a method of fabricating 
a group- I II nitride semiconductor crystal comprising a first 
step of, in an atmosphere not containing a nitrogen source, 
using thermal decomposition of metallo- organic material that 
includes at least one metal element selected from among In, 
6a and Al to deposit on a sapphire substrate metal represented 
by In„Ga^l„, where u + v + w= l, Os:usl, Osvsl and 0 
£ w £ 1, comprised of one or more selected from among In, Ga 
and Al at a temperature Tl that is not lower than a melting 
point of the metal, a second step of nitridlng the deposited 
metal at a temperature T2, where T2 a Tl, in an atmosphere that 
does not contain metallo -organic material and does contain a 
nitrogen source, and a third step in which a metallo -organic 
chemical vapor deposition method is used to epitaxially grow, 
at a temperature T3, where T3 & T2, a group-Ill nitride 
semiconductor crystal on the sapphire substrate on which the 
metal has been deposited. 

The above method encompasses a case in which the sapphire 
substrate has a (0001) plane having a vertical axis inclined 
from <0001> in a specific direction. 

The above method encompasses a case in which the specific 
direction of the sapphire substrate is <1-100> and an angle 
of inclination from <0001> is from 0.2° to 15°. 

The above method encompasses a case in which temperature 
Tl is not lower than goCC and temperature T3 is not lower than 
1000°C. 

The above method encompasses a case in which, in the first 
step, the thermal decomposition of the metallo-organic material 
takes place in a hydrogen atmosphere. 

The above method encompasses a case in which the metal 
is deposited on the sapphire substrate not as a layer but as 
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particles that are not less than 50 A and not more than 1000 
A high. 

The above method encompasses a case in which, in the second 
step, the metal that is nitrided comprises polycrystals that 
are in a region in which a stoichiometric ratio of nitrogen 
to metal is not 1:1, that is a region of In„Ga^ljg,., where u 
+v+w=l, Osu, V, wsl and 0 < k < 1 . 

In accordance with a third aspect , the method of fabricating 
a group-Ill nitride semiconductor crystal comprises a first 
step of supplying group III metal material to a heated substrate 
and depositing the group III metal material and/or decomposition 
products thereof on the substrate, a second step of then 
heat-treating the substrate in an atmosphere that contains a 
nitrogen source, and a third step of using the group III metal 
material and nitrogen source to grow a group- III nitride 
semiconductor crystal on the substrate by a vapor phase method. 

The above method encompasses a case in which the group-Ill 
nitride semiconductor crystal grown on the substrate has a (0001) 
plane having a vertical axis inclined from <0001> in a specif ic 
direction. 

The above method encompasses a case in which the specific 
direction of the inclination is <ll-20> and an angle of inclination 
from <0001> is from 0.2° to 15°. 

The invention achieves the foregoing objects by providing 
a method of fabricating a gallium nitride-based compound 
semiconductor by growing a gallium nitride-based compound 
semiconductor crystal layer on a substrate. In accordance with 
a first aspect, the method comprises a first step of adhering 
metal nuclei to the substrate, a second step of annealing the 
metal nuclei, a third step of forming growth nuclei by nitriding 
the annealed metal nuclei, and a fourth step of growing a gallixim 
nitride-based compound on the substrate having the growth nuclei 
to form a layer of gallium nitride-based compound semiconductor 
crystal. 

The above method encompasses a case in which the substrate 
is sapphire, and a case in which in the first step the metal 
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nuclei are adhered to a heated substrate by flowing a source 
gas that contains metallo- organic vapor and does not contain 
a nitrogen source. 

The above method encompasses a case in which the 
metallo -organic material vapor includes at least one member 
selected from among a metallo -organic material that contains 
gallium, a met alio -organic material that contains aluminum and 
a metallo -organic material that contains indium. 

The above method encompasses a case in which, in the second 
step, annealing of the metal nuclei is performed by flowing 
just carrier gas that contains neither a nitrogen source nor 
met alio -organic material vapor. 

The above method encompasses a, case in which, in the third 
step, the metal nuclei are nitrided by flowing gas that contains 
a nitrogen source and does not contain metallo -organic material 
vapor . 

The above method encompasses a case in which, in the fourth 
step, the gallium nitride-based compound semiconductor crystal 
is grown by flowing a gas that contains both a nitrogen source 
and a metallo -organic material', using a metallo -organic chemical 
vapor deposition method. 

The above method encompasses a case in which a temperature 
at which the second step is performed is not lower than a temperature 
at which the first step is performed, a temperature at which 
the third step is performed is not lower than the temperature 
at which the second step is performed, and a temperature at 
which the fourth step is performed is not lower than the temperature 
at which the third step is performed. 

The above method encompasses a case in which the third 
step is performed after alternating the first and second steps 
two or more times , or the fourth step is performed after repeating 
the first, second and third steps two or more times. 

The above method encompasses a case in which the first 
step comprises two steps, which are a first-stage step of flowing 
a gas containing vapor of at least one member selected from 
among metallo -organic material containing aluminum, 
metallo -organic material containing gallium and metallo -organic 



wo 02/17369 



PCT/JPOl/07080 



9 

material containing indium, and a second- stage step of flowing 
a gas containing vapor of a different metallo- organic material 
from that of the first-stage step. 

The above method encompasses a case in which the second 
step is performed after alternating the first- stage and 
second-stage steps of the first step two or more times. 

The above method encompasses a case in which the growth 
nuclei are substantially trapezoidal nitride semiconductor 
crystals having a flat apex that is parallel to the substrate 
and flat sides. 

The above method encompasses a case in which a separate 
layer of gallium nitride -based compound semiconductor crystal 
is grown on the gallium nitride-based compound semiconductor 
crystal layer formed in the fourth step. 

In accordance with a second aspect , the method of fabricating 
a gallium nitride-based compound semiconductor comprises a first 
step of adhering metal nuclei to a siubstrate in which the first 
step comprises two steps, which are a first-stage step of flowing 
a gas containing vapor of at least one member selected from 
among metallo -organic material containing aluminum, 
metallo-organlo material containing gallium and met alio -organic 
material containing indium, and a second- stage step of flowing 
a gas containing vapor of a different metallo -organic material 
from that of the first -stage step, a second step of forming 
growth nuclei by nitriding the metal nuclei, and a third- step 
of growing a gallium nitride-based compound on the substrate 
having the growth nuclei to form a layer of gallium nitride -based 
compound semiconductor crystal. 

The above method encompasses a case in which the substrate 
is a sapphire substrate. 

The above method encompasses a case in which the second 
step is performed after alternating the first- stage and 
second- stage steps of the first step two or more times and the 
third step is performed after alternating the first and second 
steps two or more times. 

The above method further encompasses a case in which in 
the first step the metal nuclei are adhered to a heated substrate 
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by flowing a gas that contains met alio -organic material vapor 
and does not contain a nitrogen source. 

The above method encompasses a case in which, in the second 
step, the metal nuclei are nitrided by flowing a gas that contains 
a nitrogen source and does not contain metallo- organic material 
vapor. 

The above method encompasses a, case in which, in the third 
step, the gallium nitride-based compound semiconductor crystal 
is grown by flowing a gas that contains both a nitrogen source 
and a met alio -organic material, using a metallo -organic chemical 
vapor deposition method. 

The above method encompasses a case in which a temperature 
at which the second step is performed is not lower than a temperature 
at which the first step is performed, and a temperature at which 
the third step is performed is not lower than the temperature 
at which the second step is performed. 

The above method encompasses a case in which the growth 
nuclei are substantially trapezoidal group- III nitride 
semiconductor crystals having a flat apex that is parallel to 
the substrate and flat sides. 

The above method encompasses a case in which a separate 
layer of gallium nitride-based compound semiconductor crystal 
is grown on the gallium nitride -based compound semiconductor 
crystal layer formed in the third step. 

The invention also provides a gallium nitride -based compound 
semiconductor fabricated by the method of fabricating gallium 
nitride-based compound semiconductor according to the first, 
second and third aspects of the invention. 

The invention also provides a gallium nitride-based compound 
semiconductor light -emitting device fabricated using the above 
gallium nitride-based compound semiconductor. 

The invention also provides a light source fabricated using 
the above gallium nitride-based compound semiconductor 
light -emitting device. 

The above method of fabricating gallium nitride-based 
compound semiconductor according to the first or second aspect 
also encompasses a step of forming on the substrate a mask layer 
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to grow a gallimn nitride-based compound semiconductor at a 
low growth rate, thereby selectively growing the gallium 
nitride-based compound semiconductor. 

The above method encompasses the mask layer formation step 
being performed in a same epitaxial growth apparatus in which 
the gallium nitride-based compound semiconductor is grown. 

The above method encompasses forming the mask layer on 
a heated substrate by flowing a Si-containing gaseous material . 

The above method encompasses forming the mask layer on 
a heated substrate by simultaneously flowing a Si-containing 
gaseous material and ammonia. 

The above method encompasses the mask layer formed so that 
a portion of the substrate is covered by material constituting 
the mask layer and a portion of the substrate is exposed. 

The above method encompasses a case in which, in the first 
step, a gaseous material containing a group III element and 
a gaseous material containing Si are simultaneously flowed. 

The above method also encompasses forming on the substrate 
a mask layer comprising a portion comprised of material on which 
gallium nitride -based compound semiconductor growth rate is 
low and a portion comprised of material on which gallium 
nitride -based compound semiconductor growth rate is high. 

The above and other features of the present invention will 
become apparent from the following description made with reference 
to the drawings. 

Brief Explanation of the Drawings:; 

Figure 1 illustrates the growth mechanisms in the steps 
of forming a gallium nitride-based compound semiconductor layer 
on a substrate, in accordance with this invention. 

Figure 2 shows an example of a heating pattern used during 
the formation of the layer of gallium nitride -based compound 
semiconductor on the substrate. 

Figure 3 shows the steps of a sixth example of the invention . 

Figure 4 shows the steps of a seventh example of the invention . 

Figure 5 shows the steps of eighth and ninth examples. 

Figure 6 shows the cross -sectional structure of a 
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semiconductor light -emit ting device fabricated In accordance 
with the fourth, tenth and eleventh examples of the invention. 

Figure 7 is a plan view of the light -emit ting device of 
Figure 6. 

Figure 8 shows the cross -sectional structure of a 
semiconductor light -emitting device fabricated in accordance 
with the twelfth and fifteenth examples of the invention. 

Figures 9(a) to 9(g) illustrate an example of the growth 
state at each step of the formation of a gallium nitride-based 
compound semiconductor layer formed on a substrate, using a 
mask layer. 

Figures 10(a) to 10(f) illustrate an example of the growth 
state at each step of the formation of a gallium nitride-based 
compound semiconductor layer on a substrate, using a mask layer. 

Best Mode for Working the Invention: 

The description starts with an explanation of a method 
of fabricating a group-Ill nitride semiconductor crystal 
according to a first aspect of the invention. 

The method of fabricating a group-III nitride semiconductor 
crystal according to a first aspect comprises a first step of 
depositing particles of a group III metal on a substrate surface, 
followed by a second step of nitriding the particles in an 
atmosphere containing a nitrogen source, followed by a third 
step of growing group-III nitride semiconductor crystal. 

The fabrication method comprised of the three steps enables 
group-III nitride semiconductor crystal having good 
crystallinity to be formed on the substrate. Moreover, this 
method readily enables the fabrication of high-quality group-III 
nitride semiconductor crystal without the rigorous control of 
fabrication conditions that is requj^red by the prior art method 
that uses a low- temperature buffer layer. The group-III nitride 
semiconductor crystal referred to herein is represented by 
In^GayAl^N (where x + y + z = 1, 0 s x £ 1, 0:sysl, 0 £ z ^ 
1). 

The substrate used in the above fabrication method may 
be glass, SiC, Si, GaAs, sapphire, or other such substances. 
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Among the advantages of using a substrate of sapphire (AL203) 
are that it results in high-quality crystal and the material 
can be obtained at a low cost. In the case of sapphire, the 
planes that can be used include the m, a, and c planes. It is 
preferable to use the c plane ((0001) plane), and it is also 
desirable for the vertical axis of- the substrate surface to 
be inclined from the <0001> direction. It is also preferable 
to subject the substrate to organic cleaning or etching or other 
such pre- treatment prior to using it in the first step, since 
this makes it possible to maintain the substrate surface in 
a constant state. 

The group III metal particles deposited on the substrate 
in the first step may be particles of Al, Ga, In and the like. 
In this invention, it is desirable to use particles of In„Ga^l„ 
(where u + v + w=l, Oisusl, Osv:sl, O^wsl). The 
advantage of using In„Ga^l, is that it has good affinity with 
the group- III nitride semiconductor that is formed next. 
Impurities that can be added to the group III metal particles 
include Si, Be, Mg and other such non-group III metals. When 
decomposition of a metal compound is used to deposit a group 
III metal, the group III metal .particles may contain impurities 
such as carbon, hydrogen and halogen, but these can also be 
used as the metal particles. 

The particles can be deposited by various methods such 
as thermal decomposition of metallo- organic material or metal 
halogen compounds, vapor deposition, and sputtering. It is 
preferable to use thermal decomposition of metallo -organic 
material for deposition of the group III metal particles. As 
the metallo -organic material, there can be used compounds such 
as trimethyl gallium (TMG), triethyl gallitim (TEG), trimethyl 
aluminum (TMA) , trimethyl indium (TMI), and bioyclopentadienyl 
indium (Cpjln) . An advantage of using theirmal decomposition 
of a metallo -organic material to deposit the group III metal 
particles is that it enables the deposition to be implemented 
in situ. 

If the first step is performed in an atmosphere that contains 
a nitrogen source such as anmionia, it can give rise to problems 
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such as inhibition of surface migration. For this reason, it 
is preferable to perform the first step in an atmosphere that 
does not contain a nitrogen source. gas, which is widely 
used as an inert carrier gas, is not thought of here as a nitrogen 
source. gas does not form an effective nitrogen source, since 
its decomposition temperature is higher than that of the usual 
nitrogen sources such as ammonia or hydrazine. Therefore, with 
respect to the first step in these methods, the effect is not 
inhibited by the inclusion of gas in the atmosphere. Gases 
that can be used include hydrogen, rare gases and nitrogen. 
It is desirable to carry out the first step at a temperature 
at or above the melting point of the group III metal, since 
this facilitates migration of metal atoms on the substrate. 

Group III metal particles deposited on the substrate surface 
in the first step are deposited as a discontinuous distribution. 
The particles may bond in places. The deposition state of the 
particles on the substrate surface can be observed using an 
atomic force microscope (AFM) . Group III metal particles formed 
in this first step are about 50 A to 1000 A high and about 100 
A to 10000 A long from end to end, when viewed vertically from 
above, and the surface density of the particles ranges from 
around 1 x 10^ cm"^ to 1 x 10" cm"^. 

If the second step takes place in an atmosphere containing 
metal material, the crystallinity^ of the group- I II nitride 
semiconductor crystal grown in the third step will be degraded, 
so the second step should be performed in an atmosphere that 
does not contain metal material. For the second step, an 
atmiosphere can be used that contains ammonia or hydrazine as 
a nitrogen source . It is preferable to perform the second step 
under an atmospheric pressure of 1000 to 1 x lO^Pa. Sectional 
analysis using a tunneling electron microscope (TEM) shows that 
group III metal particles nitrided in the second step have a 
polycrystalllne and/or noncrystalline stiructure and include 
unreacted metal. 

It is desirable to perform the second step at a temperature 
that is not lower than the temperature at which the first step 
is performed. Experiments conducted by the inventors show that 
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doing this makes it possible to fabricate group- III nitride 
semiconductor crystal having good orystallinity . To promote 
the particle nitriding reaction, it is preferable to perform 
the second step at or above 700°C, and more preferably, at or 
above 900°C. Nitriding of the group III metal particles in the 
second step can be implemented by maintaining the substrate 
on which the particles have been deposited for 1 to 10 minutes 
at or above 700°C in an atmosphere containing a nitrogen source. 

It is desirable to perform the third step at a temperature 
that is not lower than the temperature at which the second step 
is performed. Doing this is advantageous in that it imparts 
high quality to the group- III nitride semiconductor that is 
grown. Specifically, it is preferable to perform the third step 
at or above 700°C, and more preferably, at or above goCC. 

In the third step, the group-Ill nitride semiconductor 
crystal can be formed by various vapor phase growth methods 
including the metallo- organic chemical vapor deposition (MOCVD) 
method, the molecular beam epitaxy (MBE) method and the vapor 
phase epitaxy (VPE) method. Because it can be used to grow thin 
films, it is particularly desirable to use the MOCVD method 
to form group- III nitride semiconductor crystal. A known MOCVD 
method can be used to grow the layer in a gas containing 
metallo-organic material and a nitrogen source under a pressure 
in the order of 1000 to 1 x lo^Pa. It is known that gallium 
nitride-based compound semiconductor having good orystallinity 
can be obtained when the third step is performed using the MOCVD 
method at a temperature above 1000°C. This is considered to 
be due to the fact that, unlike at other temperatures, at or 
above 1000°C the growth mode of the gallium nitride -based compound 
semiconductor becomes a strongly horizontal growth mode. In 
this case, it is possible to form crystal layers with a good 
surface morphology with low dislocation. 

In the method of fabricating a group- III nitride 
semiconductor crystal according to a second aspect of the invention , 
in the first step, in an atmosphere not containing a nitrogen 
source, thermal decomposition of metallo-organic material that 
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includes at least one metal element selected from among In, 
Ga and Al is used to deposit on a sapphire substrate a metal 
1 (represented by InuGa^l„, where u + v + w=l, Osusl, o 
svsl, Oswsl) comprised of one or more selected from among 
In, Ga and Al at a temperature Tl that is not lower than a melting 
point of the metal 1 . This is followed by a second step of ni triding 
the metal 1 deposited at a temperature T2 (where T2 & Tl) in 
an atmosphere that does not contain metallo-organio material 
and does contain a nitrogen source. This is followed by a third 
step in which the metallo-organic chemical vapor deposition 
method is used to epitaxially grow, at a temperature T3 (where 
T3 fe: T2), a group-Ill nitride semiconductor (represented by 
In^Ga^l^N, where x + y+ 2 = l, Osxsl, Osysl, Oszs 
1) crystal on the sapphire substrate on which the metal 1 has 
been deposited. 

Bymeans of the above method, group-Ill nitride semiconductor 
crystal having good crystallinity can be epitaxially grown on 
a sapphire substrate. Moreover, this method readily enables 
the fabrication of the high-quality group-Ill nitride 
semiconductor crystal without the rigorous control of fabrication 
conditions that is required by the prior art method using a 
low- temperature buffer layer. 

The present inventors also discovered that the preferred 
step-flow growth of the group-Ill nitride semiconductor crystal 
could be reinforced by using a sapphire substrate with a (0001) 
plane in which the vertical axis of the (0001) plane was inclined 
in a specific direction from the <0001> direction. The step-flow 
growth is maximized when the specific direction of vertical 
axis inclination is <1-100> and the angle of inclination from 
<0001> is from 0.2° to 15", so these can be used as conditions 
for fabricating high-quality group- III nitride semiconductor 
crystal . 

For effective thermal decomposition of the metallo-organic 
material, it is preferable for temperature Tl to be at least 
200°C and also to be hot lower than the melting point of the 
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metal 1. A Tl of 900°C or higher is more preferable to enable 
close to 100% of the met alio -organic material to be decomposed 
and to ensure that the deposited metal 1 is melted. Temperature 
T3 at which the group- III nitride semiconductor crystal is 
epitaxially grown should be at least 700°C, and more preferably 

at least 900°C to ensure adequate decomposition of the nitrogen 
source . 

It was confirmed by observation by atomic force microscopy 
that because the metal 1 is deposited at a temperature higher 
than the melting point, the surface tension causes the metal 
to form on the sapphire substrate as particles rather than as 
a layer. The metal 1 particles retain their shape even after 
the nitriding of the second step. It is considered that because 
the epitaxially growth of the group- III nitride semiconductor 
crystal proceeds using the particles as nuclei, it is possible 
to obtain group- III nitride semiconductor crystal having good 
orystallinity. 

Sectional analysis using a tunneling electron microscope 
confinned that group III metal particles nitrided in the second 
step are polycrystalline and the polycrystals are in a region 
in which the stoichiometric ratio of nitrogen to metal is not 
1 : 1 (the composition of the region being represented by In^Ga^Al^j, 
where u + v + w = 1, 0 s u, v, w ^ 1, o < k < 1) . This is considered 
to be a difference rooted in the difference between the mode 
of growth in the case of the prior art in which a metallo-organic 
material and nitrogen source are simultaneously supplied to 
form a low- temperature buffer layer by low- temperature deposition 
followed by high -temperature heat treatment to crystallize the 
layer, and method of nitriding the metal 1 according to this 
invention . 

In accordance with a third aspect , the method of fabricating 
a group-Ill nitride semiconductor crystal comprises a first 
step of supplying group III metal material to a heated substrate 
and depositing group III metal material and/or decoinpositipn 
products thereof on the substrate, followed by a second step 
of heat treating the substrate in an atmosphere that contains 
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a nitrogen source, followed by a third step of using the group 
III metal material and nitrogen source to grow a group- III nitride 
semiconductor on the substrate by a vapor phase method. 

The met alio -organic material contained in the atmosphere 
used in the first step can be a met alio -organic compound, a 
metal halogen compound or a metal or the like. Of these, it 
is preferable to use a metallo- organic compound. In the first 
step, raetallo-organio compounds of group III elements that can 
be used include trimethyl gallium (TMG) , triethyl gallium (TEG) , 
trimethyl aluminum (TMA), trimethyl indium (TMI)^ and 
bicyclopentadienyl indium (Cp^In). Silane (SiH^), disilane 
(SiaHg) and bicyclopentadienyl magnesium (CpjUg) and the like 
can be added to the atmosphere for the purpose of doping with 
elements other than group III metals such as Si or Mg or the 
like . 

In the first step, also, it is preferable for the atmosphere 
not to contain a nitrogen source. If a nitrogen source such 
as ammonia is included in the first step, the layer of gallium 
nitride-based compound semiconductor that is grown will not 
have a mirror surface morphology. This is as described in the 
prior art technology of JP-C 3026087 and JP-A-HEI 4-297023. 
N2 gas is widely used as an inert carrier gas , but is not considered 
here as a nitrogen source. N2 gas is not an effective nitrogen 
source, since its decomposition temperature is higher than that 
of the usual nitrogen sources such as ammonia or hydrazine. 
Therefore, with respect to the first step in the above methods, 
the effect is not greatly inhibited by the inclusion of gas 
in the atmosphere. Gases that can be used include hydrogen, 
nitrogen and rare gases. 

Experiments conducted by the inventors show that performing 
the second step at or above the temperature at which the first 
step is performed makes it possible to fabricate group-Ill nitride 
semiconductor crystal having good crys t allinity . Specifically , 
to promote the particle nitriding reaction it is preferable 
to perform the second step at or above 700°C, and more preferably 
at or above 900°C . Particularly good crys tallinity can be obtained 
by using a temperature over lOOO'C. It is desirable to use the 
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MOCVD method for growing the group- III nitride semiconductor 
in the third step. Using this method makes it possible to use 
the same epitaxial reactor for the first to third steps. When 
the MOCVD method is used, lOOCC or ahove is an ideal temperature 
to used for the third step. It is even better to use a temperature 
of 1100°C or higher , since it facilitates obtaining mirror crystals . 
It is preferable to carry out the third step in an atmosphere 
that contains hydrogen, since this makes it easier to control 
the crystallinity and surface morphology. 

As described in the foregoing, sapphire makes an ideal 
substrate. It is desirable to use a sapphire substrate having 
a (0001) plane in which the vertical axis is inclined from the 
<0001> direction inaspeoific direction. The preferred direct ion 
of this vertical axis inclination is <1-100> and the preferred 
angle of inclination from the <0001> direction is from 0.2" to 
15°, as described above. 

When a sapphire substrate is used that has a (0001) plane 
in which the vertical axis is inclined 0.2° to 15" from <0001> 
in the <1-100> direction, the group-Ill nitride semiconductor 
crystal grown on the substrate has a (0001) plane with a vertical 
axis inclined in the specific direction from the <0001) direction. 
Here, the specific direction of the surface inclination of the 
group-Ill nitride semiconductor crystal will be <ll-20>, since 
the crystal grows at a rotation of 30° compared to the plane 
orientation of the substrate. Step-flow growth is reinforced 
when the tilt off <0001> is from 0.2° to 15°, which can be used 
as a condition for fabricating high-quality group-Ill nitride 
semiconductor crystal. 

The method of fabrication can include a known heat treatment 
step prior to the first step known as thermal annealing. Thermal 
annealing, which is widely employed when sapphire substrates 
are used, is a type of cleaning treatment implemented in an 
epitaxial reactor. It usually involves heating the substrate 

at 1000°C to 1200°C in an atmosphere containing hydrogen or 
nitrogen . 
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In the method of fabrication, the first step can also be 
divided into a plurality of steps, with the type of met alio -organic 
material contained in the atmosphere, and the composition thereof 
as well as the mixture ratio thereof, being changed each time. 
Other conditions can also be changed, such as the temperature 
and the length of the substrate treatment. When the first step 
is divided into a plurality of steps, it is preferable that 
in the first of the steps the atmosphere contains a metallo- organic 
material that includes Al . This is because among group III metals , 
Al has a high melting point and readily bonds to the substrate. 

A step of annealing in an atmosphere containing neither 
metal material nor a nitrogen source can be included between 
the first and second steps and/or between the second and third 
steps. The annealing promotes the distribution of the metal 
particles. Any such annealing should be performed at a 
temperature that is not lower than the melting point of the 
group HI metal particles. The temperature should be at least 
goCc, and more preferably at least 1000°c. The annealing should 
also be carried out in a hydrogen atmosphere. 

The second step can be carried out while changing the 
temperature of the substrate. In this case too, the second step 
should be performed at or above the decomposition temperature 
of the nitrogen source. The second step should be performed 
at at least yoCc, more preferably at' at least QOCc, and still 
more preferably at at least 1000''C. The second step starting 
temperature should be higher than the ending temperature. The 
second step can be started at the same temperature used for 
the first step, and can be ended at the same temperature at 
which the third step is performed . When the temperature is changed 
during the second step, the change can be accompanied by changes 
to the type of carrier gas used as well as the flow rate and 
the reactor pressure. 

Details of the method of fabricating gallium nitride-based 
compound semiconductor according to the invention will now be 
explained, with reference to the drawings. 

Figure 1 illustrates the growth mechanisms in the steps 
of forming a layer of gallium nitride-based compound semiconductor , 
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and Figure 2 shows an example of a heating pattern used during 
the formation of the layer of gallium nitride-based compound 
semiconductor. 

The following steps are used to form the layer of gallium 
nitride-based compound semiconductor on the substrate . As shown 
by Figure 1(a), in step A (the first step), a metal element, 
preferably metal nuclei (droplets) Sa of a group III metal element 
are adhered to a substrate 1. At this stage the metal nuclei 
Sa do not have to be isolated, non-contiguous particles, but 
can be in the form of a liquid that covers the surface. Next, 
in step B (the second step), the metal nuclei Sa are annealed 
(Figure 1(b)). Even if, in the first step, the particles were 
not in the required state of complete isolation, they are after 
the annealing. Next, in step C (the third step), the annealed 
metal nuclei Sal are nitrided to form growth nuclei Sb (Figure 
1(c)). No matter what shape the growth nuclei Sb are, as long 
as the have an appropriate distribution they are considered 
to function as growth nuclei. However, through experiments, 
the present inventors ascertained that the shape of the growth 
nuclei Sb does have an effect on the crystal properties of the 
gallium nitride-based compound semiconductor layer. Preferably, 
the group- III nitride semiconductor crystal should be 
substantially trapezoidal, with a flat top parallel to the 
substrate 1 and flat sides at a certain angle to the substrate 
1, The growth nuclei Sb can be formed in the desired shape by, 
for example, paying due regard to the gas used during nitriding, 
the reactor pressure, the substrate temperature and the substrate 
heating pattern. 

In step D (the fourth step) , a gallium nit ride -based compound 
semiconductor layer is grown on the substrate 1 having the growth 
nucleiSb (Figure 1(d) ) . The growth proceeds horizontally, mostly 
accompanying the dislocation, ensuring an adequate layer depth 
(for example 2 \m) , thereby providing a flat, horizontal layer 
of gallium nitride-based compound semiconductor 2 (Figure 1(e) ) . 

Steps A to D are taken continuously in an epitaxial growth 
apparatus by the MOCVD method. Before implementing step A, the 
substrate of. for example, sapphire is thermally cleaned inside 
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the MOCVD apparatus at a temperature of 1000°C to 1200°C, as 
shown in Figure 2 (which shows 1170'C as the temperature used) . 
This is done to rid the substrate surface of any oxide film 
or the iike. The temperature of the epitaxial growth apparatus 
is then reduced, for example to 5''C to 200''C, and maintained 
at that temperature (1100"'C in the case of Figure 2). Steps 
A, B and C are implemented at that temperature. Midway through 
the formation of the growth nuclei Sb by the nitriding process 
in step C, the temperature in the growth apparatus is raised 
and maintained at the elevated level (1160°C in the case of Figure 
2 ) : step D is performed at that temperature for further growth 
of gallium nitride-based compound on the growth nuclei Sb. 

The steps described above and shown in Figure 1 are an 
example of the method of the invention, which is not limited 
thereto. For example, theiroal cleaning can be used if required. 
Similarly, the heating pattern is i^ot limited to the one shown 
in Figure 2 , since it is desirable to use conditions suitable 
to the shape of the epitaxial reactor, the type of metallo- organic 
material, nitrogen source and carrier gas, the flow rate used, ' 
and other such factors. A different temperature can be used 
in each of the steps A, B and C, or different temperatures can 
be used for steps A and B, and steps B and C. Also, step D can 
be effected at a lower temperature than steps A to C, or at 
the same temperature. 

Thus, in these examples of the invention, first metal nuclei 
Sa are adhered to the substrate 1, forming the basis for the 
growth nuclei Sb , which are used to grow the gallium nitride-based 
compound. The growth of the metal nuclei Sa adhered to the 
substrate 1 can be controlled by controlling the flow rate of 
the metallo- organic gas, the length of time the gas is flowed, 
the process temperatures used and so forth, to thereby control 
the density of the metal nuclei Sa on the substrate 1 . 

Annealing the metal nuclei Sa increases the perpendicular 
size of the metal nuclei Sa as a result of agglomeration arising 
from the wettability with the substrate (Sal in Figure 1(b)), 
decreases adhesions by producing metal vapor in portions where 
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there are no metal nuclei Sa, and forms a substrate surface 
in the exposed spaces between portions where Sal adhere. This 
makes it possible to control to a desired state the density 
of the growth nuclei Sb obtained from the nitriding . In particular , 
the gas used during the annealing and the temperature, pressure, 
duration and other such conditions are all effective with respect 
to controlling the density. These conditions have to be 
appropriately selected according to the type of metal used for 
the metal nuclei Sa that are adhered to the substrate, the shape 
of the reactor, and so forth. Based on experiments conducted 
by the present Inventors, it is considered that the gas used 
should be hydrogen, the temperature should be at least 900°C 
and the duration of the annealing should be not less than 5 
minutes . 

Next, the metal nuclei Sal are nitrided to transform them 
to growth nuclei Sb that form the nitride semiconductor. As 
mentioned, the growth nuclei Sb should be trapezoidal in shape, 
with a flat top parallel to the substrate 1 and flat sides. 
The shape of the growth nuclei Sb can be controlled by controlling 
the conditions used during the nitriding process . In particular , 
the gas used during the nitriding as well as the temperature 
and pressure and other such conditions are effective with respect 
to controlling the shape. These conditions have to be 
appropriately selected according to the type of metal used for 
the metal nuclei Sa that adhere to the substrate, the nitrogen 
material used for the nitriding, the shape of the reactor, and 
so forth . Based on experiments conducted by the present inventors , 
it is considered that the gas used should be hydrogen, the 
temperature should be at least 900°C and the temperature should 
be raised between nitriding steps. 

More gallium nitride-based compound semiconductor is grown 
on the growth nuclei Sb, so gallium nitride-based compound is 
grown to fill the spaces between adjacent growth nuclei Sb, 
forming a flat layer. Ultimately, it is therefore possible to 
form a layer of gallium nitride-based compound semiconductor 
2 of a desired thickness and crystallinlty. 

The surface of this gallium nitride-based compound 
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semiconductor layer is covered by a gallium nitride-based compound , 
making it possible to maintain very good lattice matching 
characteristics with the upper layer. As a result, by means 
of the gallium nitride-based compound semiconductor 2, it is 
possible to form on the substrate 1 layers of gallium nitride-based 
compound semiconductor each having good crystallinity. This 
improves the emission characteristics of a semiconductor 
light -emitting device fabricated using the gallium nitride-based 
compound semiconductor. A semiconductor light -emitting device 
fabricated by the above method can also be used in electronic 
equipment, vehicles, traffic signals and the like as a light 
source having good brightness and other such emission 
characteristics . 

The substrate used in the above method may be glass, SIC, 
Si, GaAs, sapphire, and so forth. The advantages of using a 
substrate of sapphire (A1203) are high-quality crystal and the 
material can be obtained at low cost. In the case of sapphire, 
the m, a, and c planes are among the planes that can be used. 
Of these, it is preferable to use the c plane ((0001) plane). 
It is also preferable to subject the substrate to organic cleaning 
or etching or other such pre-treatraent prior to using it in 
the first step, since this will make it possible to maintain 
the substrate surface in a constant state. 

Metals that can be used for the metal nuclei adhered to 
the substrate in the first step include Al, Ga and In. In this 
invention, it Is preferable to use nuclei of a group III metal 
represented by In„Ga^l„ (where u + v + w= 1, Osusl, 
vsl, Oswsl). ln„Ga^l„ has the advantage of good affinity 
with the gallium nitride-based compound semiconductor that is 
formed next. Impurities that can be added to dope the group 
III metal particles Include Si, Be, Mg and other such non-group 
III metals. When decomposition of a metal compound is used to 
deposit a group III metal, the group III metal particles may 
contain impurities such as carbon, hydrogen and halogen, which 
can also be used as metal nuclei. 

The metal nuclei can be adhered to the substrate by various 
methods including thermal decomposition of metallo- organic 
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material or metal halogen compounds, vapor deposition, and 
sputtering. In the case of this invention, it is preferable 
to use thermal decomposition of metallo- organic material, since 
it makes it easier to control the density and shape of the metal 
nuclei. Metallo -organic materials that can be used include 
trimethyl gallium (TM6), triethyl gallium (TEG), trimethyl 
aluminum (TMA), trimethyl indium (TMI), bicyclopentadienyl 
indium (Cpgln) . Using a metallo -organic material such as these 
that contains gallium, aluminum or indium makes it possible 
to adhere metal nuclei of a group III metal such as In„Ga^l„. 

Performing the first step in an atmosphere that contains 
a nitrogen source such as ammonia can give rise to problems 
such as inhibition of surface migration of metal atoms. It is 
therefore preferable to perform the first step in an atmosphere 
that does not contain a nitrogen source. Here, gas, which 
is widely used as an inert carrier gas , is not viewed as a nitrogen 
source . gas does not form an effective nitrogen source , since 
its decomposition temperature is higher than that of the usual 
. nitrogen sources such as ammonia or hydrazine. Therefore, with 
respect to the first step in these methods, the effect is not 
inhibited by the inclusion of gas in the atmosphere. Gases 
that can be used include hydrogen, rare gases and nitrogen. 

The first step should be carried out at a temperature that 
is not lower the melting point of the metal nuclei, as this 
facilitates the migration of metal atoms on the substrate . Metal 
nuclei deposited on the substrate surface in the first step 
are deposited as a discontinuous distribution. The particles 
can bond in places. The deposition state of the metal nuclei 
on the substrate surface can be observed using an atomic force 
microscope (AFM) . This shows that the metal nuclei formed in 
the first step are about 50 A to 1000 A high and about 100 
A to 10000 A long from end to end, when viewed vertically from 
above, and the surface density of the particles ranges from 
around 1 x 10^ cm"^ to 1 x 10" cm'^ 

With respect to the annealing step, it is preferable to 
anneal the metal nuclei using a carrier gas containing neither 
nitrogen source nor met alio -organic material, since this 
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efficiently agglomerates the nuclei. Hydrogen, rare gases and 
nitrogen are all gases that can be used as the carrier gas, 
but it is best to use hydrogen, which has the effect of removing 
oxides from the surface of the metal nuclei. Annealing of the 
metal nuclei should be effected at a temperature that is not 
lower than the melting point of the metal nuclei and is also 

not lower than 700°C, since this efficiently agglomerates the 
nuclei . 

The annealing should be done at a temperature that is not 
lower than the temperature at which the first step is performed. 
Experiments conducted by the inventors show that doing this 
enables fabrication of gallium nitride-based compound 
semiconductor crystal having good orystallinity. Even when the 
annealing is effected at the same temperature used in the first 
step, it results in good orystallinity and makes it easier to 
use the system apparatus to control conditions inside the reactor. 

If the step of nitriding the metal nuclei takes place in 
an atmosphere containing metal material, the orystallinity of 
the gallium nitride-based compound semiconductor grown in the 
following step will be degraded. Therefore, the nitriding step 
should be performed in an atmosphere that does not contain metal 
material. in the case of this invention, as the 
nitrogen -source -containing atmosphere in which the metal nuclei 
are nitrided, there can be used an atmosphere containing ammonia 
or hydrazine. This step should be performed under a pressure 
of 1000 to 1 X lO^Pa . Sectional analysis using a tunneling electron 
microscope (TEM) shows that growth nuclei formed by the nitriding 
of the metal nuclei in the above nitriding step are polyorystalline 
and/or noncrystalline, and include unreacted metal. 

To promote the metal nuclei nitriding reaction , the nitriding 
step should be performed at or above TOO^C, and more preferably 
at or above 900°C, in order to fabricate gallivrai nitride- based 
compound semiconductor crystal having good orystallinity. 
Formation of growth nuclei by nitriding of the metal nuclei 
can be effected by maintaining the substrate on which the metal 
nuclei have been deposited for 1 to ^10 minutes at or above 7QQ°C 
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in an atmosphere containing a nitrogen source. 

The nitriding step should be done at a temperature that 
is not lower than the temperature of the annealing step, since 
doing this makes it possible to fabricate gallium nitride-based 
compound semiconductor crystal having good crystallinity. Even 
when the nitriding is performed at the same temperature as the 
annealing, the result is gallium nitride-based compound 
semiconductor having good crystallinity, and it also makes it 
easier to use the system apparatus to control conditions inside 
the reactor. 

Performing the step of growing gallium nitride-based 
compound semiconductor on the substrate with the growth nuclei 
at not lower than TOO^C, and more preferably not lower than 900°C, 
is advantageous in that it enables the growth of high-quality 
gallium nitride -based compound semiconductor. The step of 
growing the gallium nitride-based compound semiconductor can 
be taken by various vapor phase growth methods Including the 
metalorganic chemical vapor deposition (MOCVD) method, the 
molecular beam epitaxy (MBE) method and the vapor phase epitaxy 
(VPE) method. Because it can be used to grow thin films, it 
is particularly preferable to use the MOCVD method. For this 
invention, a known MOCVD method can be used to grow semiconductor 
in an atmosphere containing a metallo- organic compound and a 
nitrogen source under a pressure in the order of 1000 to 1 x 
lO^Pa. 

The step of growing the gallium nitride-based compound 
semiconductor should be done at a temperature that is not lower 
than the temperature at which the nitriding step is performed. 
Experiments conducted by the inventors show that this enables 
fabrication of gallium nitride-based compound semiconductor 
crystal having good crystallinity. Even when the step of growing 
the compound semiconductor is taken at the same temperature 
as the nitriding step, it results in good crystallinity and 
makes it easier to use the system apparatus to control conditions 
inside the reactor. 

The foregoing explanation was made with reference to the 
adhering of metal nuclei Sa on the substrate 1 and annealing 
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the metal nuclei Sa. However, repeated adhering of metal nuclei 
Sa can be used instead of the annealing. Repeated adhering of 
the metal nuclei Sa can be used to control the density of the 
growth nuclei Sb formed in step C . In this case , in the first- stage 
step of adhering the first metal nuclei and the second- stage 
step of adhering metal nuclei the second time, controlling the 
density and shape of the growth nuclei Sb is facilitated by 
selecting the flowing materials according to the adhesiveness 
to the substrate 1, For this invention, it is preferable to 
use as the first -stage step a step of flowing a gas containing 
vapor of at least one member selected from among metallo- organic 
material containing aluminum, metallo -organic material 
containing gallium and metallo -organic material containing 
indium, and to use as the second- stage step a step of flowing 
gas containing vapor of a different metallo -organic material 
fromthat of thefirst-stagestep. Inthisoase, in the first -stage 
step, for example, material can be flowed that contains Al, 
which bonds well to the substrate, in order to form metal nuclei 
Sa on the substrate at a prescribed density, and in the second- stage 
step material that does not bond well such as Ga or In can be 
flowed to fabricate metal nuclei Sa, creating a st;ructure in 
which the Ga or In is around the Al. Although the first-stage 
and second-stage steps can be alternated one time each, the 
use of two or more alternations is preferable. 

This is followed by the nitriding used to form the growth 
nuclei, without any annealing. Here too, well -shaped growth 
nuclei Sb can be formed by proper control of the nitriding, 
the same as when annealing is used to control the density of 
the metal nuclei Sal. As in the case of annealing, the gas used 
during the nitriding, temperature and pressure are conditions 
that affect the shape control. These conditions have to be 
properly selected according to the material of the metal nuclei 
Sa, the nitrogen material used in the nitriding, the shape of 
the reactor, and so forth. Based on experiments conducted by 
the present inventors , it is considered that the gas used should 
be hydrogen, the temperature should be at least 900°C and the 
temperature should be increased during the nitriding steps. 
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In this case too, the step of growing the gallium 
nitride-based compound semiconductor should be done at a 
temperature that is not lower than the nitriding temperature. 
Experiments conducted by the inventors show that this enables 
fabrication of gallium nitride-based compound semiconductor 
crystal with good crystallinity. Even when the gallium 
nitride-based compound semiconductor crystal is grown at the 
same temperature used for the nitriding, the result is still 
good crystallinity, and it also makes it easier to use the system 
apparatus to control conditions inside the reactor. 

As described in the above, in the method of fabricating 
gallium nitride-based compound semiconductor according to this 
invention, metal nuclei are adhered to the substrate and grown. 
Films with excellent crystal properties can be foiraed by using 
a sapphire substrate on which is formed a low- growth -rate mask 
layer of gallium nitride -based compound semiconductor crystal 
and selectively growing the gallium nitride-based compound 
semiconductor . 

Figures 9(a) to 9(g) will be used to describe the mechanism 
of forming a film of gallium nitride-based compound semiconductor 
having good crystallinity. 

As shown in Figure 9(a), source gas 3 containing Si and 
ammonia gas 4 are flowed to react the two compounds and form 
a silicon nitride film 5 on the sapphire substrate 1 heated 
to a prescribed temperature. Because the formation of the film 

5 starts from active points scattered across the substrate, 
initially the film 5 does not uniformly cover the whole substrate. 

The growth time is controlled so that on the substrate 1, there 
are regions covered by the silicon nitride film 5 and regions 

6 where the sapphire is exposed (Figure 9(b)). Continuing on, 
after droplet -shaped particles 7 of a group III element are 
supplied to the regions 6 by flowing group III material gas 
3' (Figure 9(c)), ammonia is flowed to effect a reaction that 
produces group-Ill nitrides 8 in the regions 6 (Figure 9(d)). 
Thus, growth nuclei in the regions covered by the silicon nitride 
film 5 do not generate growth, while crystals 9 do grow from 
the regions 6 where the sapphire is exposed, with the growth 
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proceeding horizontally over the silicon nitride film 5 (Figure 
9(f)). As a result, the crystals 9 cover the entire surface 
of the sapphire substrate 1 (Figure 9(g) ) . The growth direction 
of threading dislocations arising from differences in the lattice 
constants of the sapphire and gallium nitride-based compound 
semiconductor can be controlled, with most of the dislocations 
forming a closed loop and not propagating upwards . This reduces 
the density of threading dislocations, resulting in the formation 
of good-quality crystal. . 

The mask layer can be fabricated by a method in which Si 
source gas is flowed simultaneously with a nitrogen source gas 
such as ammonia, and by a method in which ammonia is flowed 
beforehand to partially nitride the sapphire surface, then the 
Si source gas is flowed to fabricate a scattered 1 mono layer 
of silicon nitride that is used to form the mask layer. When 
a layer of silicon oxide is formed to use as a mask layer, thermal 
cleaning can be used to activate oxygen atoms on the sapphire 
surface, and Si source gas can then be flowed to form a 1 mono 
layer of silicon oxide. 

An effective method of forming a layer on a sapphire substrate 
at different growth rates is to simultaneously flow Si source 
gas and a group III source gas over a heated sapphire substrate, 
and then flowing ammonia gas. Figures 10(a) to 10(f) show the 
growth process in the case of this method. First, Si source 
gas 3 and group III material gas 3' are flowed over a heated 
substrate 1 (Figure 10(a) ) . The gases decompose, and aggregations 
10 of silicon atoms and droplet -shaped particles 7 of group 
III metal adhere to the sapphire substrate 1 at a set spacing 
(Figure 10(b)). Each of these is then nitrided by flowing ammonia 
gas 4, resulting in the formation on the substrate 1 of a mask 
layer comprised of a slow- growth portion 5 of silicon oxide 
and a rapid-growth portion 8 of gallium nitride-based compound 
semiconductor (Figure 10(c)). When gallium nitride-based 
compound semiconductor 9 is grown on this mask layer, as in 
the case of the example of Figure 9, crystals 9 selectively 
grow on the gallium nitride-based compound semiconductor film 
8. This selective growth improves the crystallinity. 
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In the case of the methods described with reference to 
Figures 9 and 10, processing and growth following formation 
of the mask layer have to be done at a temperature of at least 
1000°C. This is because at a lower temperature such as 600°C, 
there will be insufficient migration during the formation of 
the group III metal particles 7 and the gallium nitride-based 
compound semiconductor film 8 . As a result , growth nuclei will 
start to grow even in regions of the substrate 1 and buffer 
layer covered by the silicon oxide and silicon nitride, degrading 
the selective growth properties. Even when a layer of gallium 
nitride-based compound semiconductor 9 is formed on this mask 
layer, at a low temperature such as 600°C there will be insufficient 
migration during the initial growth phase, so the growth nuclei 
will start to grow even in the regions of the substrate 1 and 
buffer layer covered by the silicon oxide and silicon nitride, 
degrading the selective growth properties. Silane (SiHJ and 
disilane (SizHJ can be used as a Si source gas. The step of 
forming the mask layer can be performed in the growth apparatus 
used for the following growth of the gallixim nitride -based compound 
semiconductor. 

As described in the foregoing, in accordance with this 
invention, a semiconductor crystal film having crystallinity 
that is good enough for semiconductor device applications can 
be obtained by including a step of flowing me t alio - organic material 
over a heated substrate, to thereby grow gallium nitride-based 
compound semiconductor on the substrate. The film thus obtained 
has a flat, mirror surface, and better crystallinity than a 
film obtained by the low- temperature buffer layer method . Current 
leakage from pitting defects arising in the crystal growth, 
degradation of emission intensity caused by dislocations and 
other such manifestations that are disadvantageous for 
semiconductor devices can be suppressed, improving emission 
output . 

In the following, specific examples of the methods of 
fabricating group- III nitride semiconductor crystal and gallium 
nitride-based compound semiconductor are described. However, 
the invention is not limited to these examples. Each of the 



wo 02/17369 



PCT/JPOl/07080 



32 

following examples uses a sapphire substrate and uses the MOCVD 
method to form the gallium nitride-based compound semiconductor 
layers . 

Example 1 

An embodiment of the method of fabricating group- III nitride 
semiconductor crystal will now be described. The substrate used 
was a sapphire single-crystal substrate having a (0001) plane. 
The substrate was organically cleaned with acetone and placed 
on a silicon carbide (SiC) susoeptor, which was then placed 
in the MOCVD apparatus. An RF induction heating system was used 
to control the temperature in the MOCVD apparatus . A thermocouple 
enclosed in a quartz tube was inserted into the susceptor to 
enable growth temperatures to be measured in the apparatus. 

After the substrate was positioned in the apparatus, it 
was heated to 1180°C in a hydrogen atmosphere and held at that 
temperature for 10 minutes to remove any oxide film from the 
substrate surface. The temperature was then reduced to 1100°C, 
and in the same hydrogen atmosphere not containing a nitrogen 
source, a metallo-organic material, trimethyl aluminum (TMA), 
was supplied to the substrate for 1 minute at a flow rate of 
12 Mmol/min. The TMA was thus thermally decomposed, resulting 
in the deposition of Al on the sapphire substrate . After shutting 
off the TMA, the temperature was raised to 1X80°C and a nitrogen 
source, in the form of ammonia (NH3} was supplied for 3 minutes 
at a flow rate of 0.2 mol/mln, nitriding the Al. Then, with 
the NH3 flow rate unchanged and the temperature maintained at 
118Q°C, a metallo-organic material, trimethyl gallium (TMG), 
was supplied at a flow rate of 140 [-unol/inin to effect epitaxial 
growth of a 1.1 \m layer of gallium nitride on the substrate 
with the Al deposition. The apparatus was then allowed to cool 
to room temperature and the substrate was removed from the reactor . 

The epitaxial wafer thus fabricated had a mirror surface, 
and the peak width at half height of the X-ray rooking curve 
of the epitaxial layer of gallium nitride was 959 seconds . This 
shows the excellent crystallinity of the epitaxial layer. 
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Example 2 

As in the case of Example 1, a sapphire single-crystal 
substrate with a (0001) plane was organically cleaned and 
heat-treated in the growth apparatus. With the substrate then 
maintained at 1180°C in a hydrogen atmosphere not containing 
a nitrogen source, it was supplied with TMA and TMG for 1 minute 
at a flow rate of 12 nmol/min, depositing an alloy of Al and 
Ga on the saipphire substrate. The TMA and TMG were shut off 
and, with the temperature maintained at 1180°C, ammonia was 
supplied for 3 minutes at a flow rate of 0 . 2 mol/min to nitride 
the Al-6a alloy. Then, with the ammonia being supplied and the 
temperature still maintained at 1180°C, ametallo-organio material, 
trimethyl gallixim (TMG) , was supplied at a flow rate of 140 [imol/min 
to effect epitaxial growth of a 1 . 1 |jm layer of gallium nitride 
on the substrate with the Al-Ga alloy deposition. 

The epitaxial wafer thus fabricated had a mirror surface, 
and the peak width at half height of the X-ray rocking curve 
of the epitaxial layer of gallium nitride was 720 seconds, 
indicating the excellent orystallinity of the epitaxial layer. 
Examination of the surf ace of the gallium nitride layer by an 
atomic force microscope revealed terraces of atomic steps 
indicating step-flow growth. These atomic-step terraces showed 
more uniform spacing and parallelism, going in a particular 
direction from the center of the epitaxial wafer to the periphery. 
This signifies that the step-flow growth is reinforced at (0001) 
plane portions at the wafer periphery where the vertical axis 
is tilted from <0001> in a specific direction. This direction 
was <1-100>. 

TEM observation of the cross -section of the interface between 
the sapphire substrate of the wafer and the gallium nitride 
layer showed nitrided polyorystals of the metal deposited by 
thermal decomposition of the metallo- organic material at the 
interface between the substrate and the gallium nitride layer. 
The crystals were hexagonal and 5 to 10 nm high. \i-EDS analysis 
revealed that the Al and Ga components in the polyorystals were 
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not uniform, and that there were regions (the composition of 
the regions being represented by In„Ga^l^fc where u + v + w = 
1, Osu, v,wsl, 0<k< 1) in which the stoichiometric ratio 
of nitrogen to metal deviated from 1:1. 

The following experiment was performed to investigate the 
crystal growth mechanism of the Example 2. 

As in Example 1, a sapphire single -crystal substrate with 
a (0001) plane was organically cleaned and heat-treated in the 
growth apparatus. The substrate was then maintained at 1180°c 
in a hydrogen atmosphere not containing a nitrogen source, and 
supplied with TMA and TMG to form a deposition of an alloy of 
Al and 6a on the sapphire substrate. The TMA and TMG were then 
shut off and, with the temperature maintained at 1180°C, ammonia 
was supplied for 3 minutes at a flow rate of 0.2 mol/min to 
nitride the Al-Ga alloy. The apparatus was then allowed to cool 
to room temperature. 

An atomic force microscope was used to examine the surface 
of the wafer thus fabricated. Nitrided polycrystals of metal 
particles were observed that were around 50 nm high and around 
0.1 Mm in diameter. The polycrystals did not cover the entire 
surface of the sapphire substrate: there were flat spaces between 
polycrystals. It is considered that the epitaxial growth of 
the gallium nitride layer of Example 2 proceeded with the 
polycrystals acting as nuclei. 

Similarly, the following experiment was performed to 
investigate the state of the particles of group III metal deposited 
on the substrate surface. 

As in Example 1, a sapphire single-crystal substrate with 
a (0001) plane was organically cleaned and heat-treated in the 
growth apparatus . Then, using the same conditions as in Example 
2, the substrate was maintained at IISCC in a hydrogen atmosphere 
not containing a nitrogen source, and supplied with TMA and 
TMG to form a deposition of an alloy of Al and Ga on the sapphire 
substrate. The apparatus was then allowed to cool to room 
temperature, and an atomic force microscope was used to examine 
the surface. The surface was found to have particles about 100 
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A high and about 500 A long; the surface density of these 
particles 1 x 10^ cm-^ . Some of the particles were linked together. 

Example 3 

Using the same method as Example 1 , a sapphire single-crystal 
substrate having a (0001) plane was organically cleaned and 
heat-treated in the growth apparatus. Following this, in a 
hydrogen atmosphere that did not contain a nitrogen source and 
at a temperature reduced to 1100°C, the substrate was supplied 
with TMA, TMG and trimethyl indium (TMI) , another metallo- organic 
material, at respective flow rates of 6 nmol/min, 18 Mmol/min 
and 18 tunol/min for 30 seconds, forming an alloy of Al, Ga and 
In on the sapphire substrate. The supply of the metallo -organic 
materials was then shut off and, with the temperature maintained 
at 1180''C, ammonia was supplied for 3 minutes at a flow rate 
of 0.2 mol/mln to nitride the Al/Ga/In alloy. With the supply 
of ammonia maintained at the same flow rate and the apparatus 
temperature maintained at 1180°C, the apparatus was supplied 
with TMG at a flow rate of 140 }mol/min to grow a 1.1 layer 
of gallium nitride on the substrate with the Al/Ga/In alloy. 

The epitaxial wafer thus fabricated had a mirror surface, 
and the peak width at half height of the X-ray rocking curve 
of the epitaxial layer of gallium nitride was 620 seconds. This 
indicates the excellent orystallinity of the epitaxial layer. 
While the above Examples 1 to 3 describe epitaxial growth of 
group- III nitride semiconductor crystal in the form of a layer 
of gallium nitride, it is also possible to grow a group- III 
nitride semiconductor that is a mixed crystal, represented by 
In^GayAlgN. 

Example 4 

Example 4 will be used to describe a method of fabricating 
a gallium nitride-based compound semiconductor light -emitting 
device, using the method of fabricating a group-Ill nitride 
semiconductor crystal. 

Figure 6 shows the epitaxial structure used for the 
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light -emitting device fabricated in accordance with Example 
4 . The lattice mismatch epitaxial growth method is used to form, 
on a c-plane sapphire substrate 11, a 2-\m low Si doped GaN layer 
12 having an electron concentration of 1 x lO" cm'% followed 
by a l-^m highly Si doped GaN layer 13 having an electron 
concentration of 1 x lo" cm"', a 100-A Ino.^^Gao.^N cladding layer 
14 having an electron concentration of 1 x 10^^ cm"^ a multi quantum 
well structure that starts and ends with GaN barrier layers, 
and comprises six 70 -A GaN barrier layers 15 andf ive 20-Anon-doped 
Ino.^Gao.sN well layers 16, a 30-A Alo.aGao.gN diffusion prevention 
layer 17, an 0.15-jxm Mg- doped GaN layer 18 having a 
hole -concentration of 8 x lo" cm"^ and a 100-A Mg-doped Ino.iGao gN 
layer 9 with a hole -concentration of 5 x lO" cm"\ Figure 7 is 
a plan view of the electrode structure of this light -emitting 
device embodiment of Example 4. 

A wafer having the above epitaxial structure was fabricated 
by the MOCVD method, as described below. 

First , the sapphire substrate was placed in a quartz reaction 
furnace (reactor) positioned inside the RF coil of an induction 
heater. A glove box supplied with nitrogen gas was used to place 
the substrate on a carbon susceptor, after which nitrogen gas 
was flowed to purge the inside of the reactor. After flowing 
the nitrogen gas for 10 minutes , the induction heater was activated 
and used to heat the substrate to 1170''C, with the temperature 
being elevated over a ten-minute period. At the same time, the 
pressure inside the reactor was adjusted to 50 hPa. Keeping 
the substrate temperature at 1170''C, hydrogen gas and nitrogen 
gas were flowed for 9 minutes to thermally clean the substrate 
surface. During the thermal cleaning, hydrogen carrier gas was 
flowed through bubblers containing trimethyl gallium (TMGa) 
and trimethyl aluminum (TMAl) connected to the reactor to start 
the bubbling. A thermobath was used to keep the bubblers at 
a constant temperature. Until the start of the growth process, 
TMGa and TMAl vapor produced by the bubbling, together with 
the carrier gas, was released to the outside of the system via 
a deharmanizing system . After completion of the thermal cleaning , 
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the nitrogen gas valve was closed, so that only hydrogen was 
supplied to the reactor. 

After changing the carrier gas, the substrate temperature 
was reduced to llOO^C and the reactor pressure adjusted to 100 
hPa. After confirming the temperature had stabilized at 1100°C, 
the TMGa and TMAl valves were operated to provide the reactor 
with a supply of gas containing TMGa and TMAl vapor, and the 
process of adhering metal nuclei to the sapphire substrate was 
initiated. A mass flow controller on the bubbling lines was 
used to adjust the molar ratio between the TMGa and TMAl to 
2:1. After 90 seconds , the TMGa and TMAl valves were both operated 
to stop the delivery of gas containing TMGa and TMAl vapor. 
After a pause of 10 seconds, the ammonia gas valve was used 
to initiate delivery of ammonia gas to the reactor. 

After 10 seconds, with the ammonia gas still flowing, the 
susoeptor temperature was elevated to 1160°C. The flow rate 
of the TMGa was adjusted during this temperature elevation. 
Also, a flow of SiH^ was initiated. Until the start of the formation 
of the low Si doped GaN layer, the SiH^ continued to flow to 
the deharmanizing system, together with the carrier gas, for 
release to the outside. After confirming the susceptor 
temperature had reached lieCc, the temperature was allowed to 
stabilize, after which the TMGa and SiH^ valves were operated 
to initiate the supply of TMGa and SxE^ to the reactor. The 
growth of the low Si doped GaN layer continued for about 75 
minutes. Based on prior studies, the flow rate of the SiH^ was 
controlled to achieve an electron concentration of 1 x lo" cm"^ 
in the GaN layer. In this way, the low Si doped GaN layer having 
a thickness of 2 \m was formed. 

A highly Si doped n-GaN layer was then formed on this low 
Si doped GaN layer. After growing the low Si doped GaN layer, 
the supply of TMGa and SiH^ to the reactor was stopped for a 
one-minute period, during which time the flow rate of the SiH^ 
was changed. Based on prior studies, the flow rate of the SiH^ 
was controlled to achieve an electron concentration of 1 x lo" 
cm"^ in the highly Si doped GaN layer. The reactor continued 
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to be supplied with ammonia at the same flow rate. After the 
one minute, the supply of TMGa and SiH4 was resumed and the layer 
was grown for 45 minutes. This resulted in the forradtion of 
a highly Si doped GaN layer having a thickness of 1 |im. 

After forming the highly Si doped GaN layer, the TMGa and 
SiHi valves were operated to halt the supply of these materials 
to the reactor. The carrier gas was switched from hydrogen to 
nitrogen , while maintaining the flow of ammonia . The temperature 
of the substrate was then decreased from 1160°C to 800°C, and 
at the same time the reactor pressure was changed from 100 hPa 
to 200 hPa. The SiH4 flow rate was changed while waiting for 
the temperature in the reactor to change . Based on prior studies , 
the flow rate of the SiH^ was controlled to achieve an electron 
concentration of 1 x 10" cm'^ in the Si-doped InGaN cladding layer. 
The reactor continued to be supplied with ammonia at the same 
flow rate. The flow of trimethyl indium (TMIn) and triethyl 
gallium ( TEGa ) carrier gas to the bubbler had already been started . 
Until the start of the cladding layer formation, SiH^ gas, along 
with the TMIn and TEGa vapor produced by the bubbling, was released 
to the outside of the system via a deharmanizing system, together 
with the carrier gas. Next, after giving the reactor time to 
stabilize, the supply of TMIn, TEGa and SiH^ to the reactor was 
initiated and maintained for about 10 minutes to form a Si- doped 
Ino.1Gao.9N cladding layer 100 A thick, after which the supply 
of TMIn, TEGa and SiH^ to the reactor was stopped. 

Next to be fabricated was the multi quantum well structure 
comprised of GaN barrier layers and Ino.jGao.eN well layers . First , 
a GaN barrier layer was formed on the Si -doped Ino.1Gao.9N cladding 
layer, then an Ino.aGao.gN well layer was formed on the GaN barrier 
layer. After repeating this five times to build up the requisite 
multilayer structure, the sixth GaN barrier layer was formed 
on the fifth Ino.zGao.gN well layer, creating a structure having 
a GaN barrier layer at each end. 

More specifically, after formation of the Si-doped Ino.jGao.jN 
cladding layer was completed, there was a pause of 30 seconds, 
after which the supply of TEGa to the reactor was initiated 
while maintaining the same substrate temperature, reactor 
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pressxire, carrier gas type and carrier gas flow rate. After 
7 minutes, the supply of TEGa was stopped, terminating the 
formation of the GaN barrier layer, constituted by a film 70 
A thick. 

During the formation of the GaN barrier layers, the molar 
flow rate of the TMIn flowing to the deharmanizing system was 
doubled , compared to the flow rate during formation of the cladding 
layer. Following the completion of the GaN barrier layer, the 
supply of group III material was stopped for 30 seconds, and 
the TEGa and TMIn valves were then operated to supply TEGa and 
TMIn to the reactor, while at the same time the same substrate 
temperature, reactor pressure and carrier gas type and flow 
rate were maintained. After 2 minutes, the supply of TEGa TMIn 
was stopped, terminating the formation of the Ino.zGao.sN well 
layer. An Ino.1Gao.9N cladding layer 20 A thick was formed. 

After finishing an Ino.aGag.aN well layer, the supply of group 
III material was halted for 30 seconds, after which the supply 
of TEGa to the reactor was initiated while maintaining the same 
substrate temperature, reactor pressure, carrier gas type and 
flow rate, to grow another GaN bar;rier layer. This procedure 
was repeated five times to fabricate the five GaN barrier layers 
and the five ino.aGao.aN well layers. A GaN barrier layer was 
then formed on the final Ino.aGao.gN well layer. 

A non-doped Alo.jGao.aN diffusion prevention layer 17 was 
fabricated on the final GaN barrier layer. In the one minute 
following the stopping of the supply of TEGa to complete the 
GaN barrier layer, the reactor pressure was changed to 100 hPa 
while retaining the same substrate temperature and carrier gas 
type and flow rate . The flow of triraethyl aluminum ( TMAl ) carrier 
gas to the bubbler had already been started. Until the start 
of the step of forming the diffusion prevention layer, TMAl 
vapor produced by the bubbling was released to the outside of 
the system via a deharmanizing system, along with the carrier 
gas. Next, after giving the reactor pressure time to stabilize, 
the supply of TEGa and TMAl to the reactor was initiated. The 
layer was grown over the next 3 minutes or so, after which the 
supply of TEGa and TMAl was stopped to halt formation of the 
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non-doped Alo aGap sN diffusion prevention layer. In this way, 
a 30- A -thick non-doped Alp.aGao.gN diffusion prevention layer 
was formed. 

An Mg-doped GaN layer was then fabricated on the non-doped 
Alo.jGao.gN diffusion prevention layer. In the 2 minutes after 
the supply of TEGa and TMAl was stopped to terminate the growth 
of the non-doped Alo^Gao.gN diffusion prevention layer, the 
temperature of the substrate was elevated to 1060°C and the reactor 
pressure changed to 200 hPa. Also, the carrier gas was changed 
to hydrogen. A flow of bicyclopentadienyl magnesium (CpjMg) 
carrier gas through the bubbler had already started. Until the 
start of the step of forming the Mg-doped GaN layer, CpjMg vapor 
produced by the bubbling, along with the carrier gas , was released 
to the outside of the system via the deharmanizing system. After 
the change of temperature and pressure, the reactor pressure 
was given time to stabilize and the supply of TMGa and CpaMg 
to the reactor was initiated. The CpaMg flow rate had been studied 
beforehand, and was adjusted to achieve a hole -concentration 
of 8 X 10" om"^ in the Mg-doped GaN layer. After around 6 minutes 
of growth , the supply of TMGa and Cp^Mg was stopped to halt formation 
of the Mg-doped GaN layer. This process resulted in a 
0. 15 -fjun- thick Mg-doped GaN layer. 

A Mg-doped InGaN layer was then formed on this Mg-doped 
GaN layer. After the supply of TMGa and CpzMg was stopped, 
terminating the growth of the Mg-doped GaN layer, a 2 -minute 
period was used to lower the substrate temperature to 800°C and 
the carrier gas was changed to nitrogen. The reactor was kept 
at the same pressure of 200 hPa. The flow rate of the CpzMg 
was modified to give the Mg-doped Ino.1Gao.9N layer the same amount 
of Mg dopant as the Mg-doped GaN layer. Based on a prior study, 
it was judged that that amount of dopant would give the Mg-doped 
lUo.iGao.sN layer ahole-concentration of 5 x 10^^ cm"^ . After waiting 
for the substrate temperature to stabilize, the flow of TMIn, 
TEGa and Cp2Mg to the reactor was initiated. After a growth 
period of 10 minutes, the supply of TMIn, TEGa and Cp^Mg was 
stopped to terminate the growth of the Mg-doped lUo.iGao.gN layer. 
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resulting in a Mg-doped Ino.iGao.gN layer 100 A thick. 

Following the completion of the Mg-doped Ino.iGao.gN layer, 
the induction heater was switched off, whereby the substrate 
cooled to room temperature over a 20 -minute period. During this 
time , the atmosphere in the reactor was comprised only of nitrogen . 
After confirming that the substrate had cooled to room temperature , 
the wafer was taken out of the reactor. Thus, in accordance 
with the foregoing procedure, a wafer was fabricated having 
an epitaxial structure for use in a semiconductor light -emitting 
device, the Mg-doped GaN layer and the Mg-doped lUo.iGao.gN layer 
both exhibited p-type oharaoterlstlcs even though no annealing 
was used to activate p-type carriers. 

Next, a wafer having the above epitaxial structure formed 
on a sapphire substrate was used to fabricate a light-emitting 
diode, which is one type of semiconductor light -emitting device 
or device . A known photolithography process was used to fabricate 
a p-side electrode on a Mg-doped Ino.iGao.gN layer 18a, by forming 
a p-eleotrode bonding pad 12 comprised of a lamination of layers 
of titanium, aluminum, and gold, in that order, and a translucent 
p- electrode 21 formed only of Au, adhered to the pad 12. Dry 
etching was then used to expose a portion 23 of a highly Si 
doped GaN layer to form an n-slde electrode, and an n-electrode 
22 of Ni and Al was fabricated at the exposed portion. Figure 
7 shows the shapes of the electrodes thus fabricated on the 
wafer. 

The reverse side of the sapphire substrate was then ground 
and polished to a mirror finish, and the wafer was cut into 
square chips measuring 350 \m along each side. Each chip was 
then mounted on a lead frame with the electrode side up , and 
connected to the lead frame with gold wire, forming a 
light -emitting device. When a forward current of 20mA was applied 
across the electrodes, the forward voltage was 3.0 V. The 
wavelength of light emitteji through the p-slde translucent 
electrode was 470 nm, and the device exhibited an output of 
6 cd . Such light - emitting diode characteristics can be uniformly 
obtained with a light -emitting diode fabricated from virtually 
any part of the wafer, with no variation. 
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Example 5 

This is an example of a method of fabricating gallium 
nitride -based compound semiconductor crystal, described below. 

The sequence of steps A to D shown in Figure 1 was used 
to £orm a layer of gallium nitride-based compound semiconductor 
on a sapphire substrate. In step A, metal nuclei were adhered 
to the substrate by flowing a gas containing trimethyl aluminum 
(TMAl) vapor and trimethyl gallium (TMGa) vapor mixed at a molar 
ratio of 1:2. In step B, annealing was effected in hydrogen 
gas; in step C, a mixture of hydrogen and ammonia was flowed 
to nitride the annealed metal nuclei and form them into growth 
nuclei . In step D , TMGa and ammonia were flowed to effect further 
growth of gallium nitride on the growth nuclei , thereby fabricating 
on the sapphire substrate a layer of gallium nitride-based compound 
semiconductor provided with a film of gallium nitride crystal. 

More specifically, to begin with, the sapphire substrate 
was placed in a quartz reactor set inside the RF coil of an 
induction heater. A glove-box supplied with nitrogen gas was 
used to place the substrate on a carbon susceptor, after which 
nitrogen gas was flowed for 10 minutes to purge the inside of 
the reactor. The induction heater was then activated and used 
to elevate the temperature of the substrate to 1170°C over a 
ten -minute period. With the substrate temperature maintained 
at 1170°C, hydrogen gas and nitrogen gas were flowed for 9 minutes 
to thermally clean the substrate surface. 

During the thermal cleaning, hydrogen carrier gas was flowed 
through bubblers containing trimethyl gallium (TMGa) and 
trimethyl aluminum (TMAl) to start the bubbling, A thermobath 
was used to keep the bubblers at a constant temperature. The 
bubbler piping was connected to the reactor. Until the start 
of the step of growing the layer of gallium nitride-based compound 
semiconductor, the TMGa vapor and TMAl vapor produced by th6 
bubbling, along with the carrier gas, were released to the outside 
of the system via a deharmanizing system. After completion of 
the thermal cleaning, the nitrogen gas valve was closed, so 
that only hydrogen was supplied to the reactor. After changing 
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the carrier gas , the substrate temperature was reduced to 1100°C. 
After confirming the temperature had stabilized at 1100°C, the 
TMGa and TMAl valves were operated to supply the reactor with 
gas containing TMGa and TMAl vapor to start the adhering of 
metal nuclei to the sapphire substrate. A mass flow controller 
on the bubbling lines was used to adjust the molar ratio between 
the TMGa and TMAl to 2:1. After 1.5 minutes of this processing, 
the TMGa and TMAl valves were used to stop the reactor being 
supplied with gas containing TMGa and TMAl vapor. This state 
was maintained for 3 minutes to anneal the metal nuclei in the 
hydrogen carrier gas. After the 3 minutes of annealing, the 
ammonia gas line valve was operated to initiate delivery of 
ammonia gas to the reactor to nitride the annealed metal nuclei 
to form them into growth nuclei. After flowing the gas for 10 
seconds, the susceptor temperature was elevated to 1160°C. The 
flow rate of the TMGa was adjusted during this temperature 
elevation . After confirming the susceptor temperature had reached 
1160°C, the temperature was allowed to stabilize, after which 
the TMGa valve was operated to start supplying TMGa to the reactor 
for further growth of gallium nitride on the growth nuclei. 

After growing the gallium nitride -based compound 
semiconductor crystal film for 1 hour, the growth process was 
terminated by shutting off the supply of TMGa to the reactor. 
Following the ending of the formation of the gallium nitride 
crystal film, the induction heater was switched off and the 
substrate was allowed to cool to room temperature over a 20 -minute 
period. During this time, the atmosphere in the reactor was 
comprised of ammonia, nitrogen and hydrogen, the same as during 
the growth process , but when it was confirmed that the substrate 
had cooled to 300°C, the ammonia and hydrogen were shut off, 
and nitrogen gas continued to flow until the substrate cooled 
to room temperature, at which point it was taken out of the 
reactor. By means of the above procedure, a gallium nitride 
crystal film 2 \m thick was formed on the sapphire substrate. 
The substrate removed from the reactor was colorless and 
transparent, and the epitaxial layer had a mirror surface. 
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XRC measurement of non-doped gallium nitride crystal grown 
by the above method was performed. Using a Cu p line X line 
light source, measurement was conducted using the symmetrical 
(0002) plane and the asymmetrical (10-12) plane. Generally 
speaking, in the case of a gallium nitride-based compound 
semiconductor, the peak width at half height of the XRC spectrum 
of the (0002) plane is an index of the flatness (mosaicity) , 
and the peak width at half height of the XRC spectrum of the 
(10-12) plane is an index of the dislocation density. The 
measurement showed the (0002) plane to have a peak width at 
half height value of 230 seconds, while that of the (10-12) 
plane was 350 seconds. Both are good values. 

An atomic force microscope was used to examine the surface 
of the topmost film of gallium nitride crystal. The surface 
was found to have good morphology, with no growth pits being 
observed. To measure the etching-pit density of the film, a 
specimen was immersed for 10 minutes at 280°C in a solution of 
sulfuric acid and phosphoric acid. The surface was then examined 
with an atomic force microscope to measure the etching-pit density, 
which was around 5 x 10' om"^. 

A wafer was also fabricated using the same steps until 
partway through the procedure, when the specimen was removed 
from the reactor before the step of growing the gallium nitride 
crystal film. VBtien the wafer was examined with an atomic force 
microscope, the sapphire surface was found to have clusters 
of trapezoidal cross -section crystals of gallium nitride aluminum 
constituting growth nuclei. 

Example 6 

In this example, as shown in Figure 3, a layer of gallium 
nitride-based compound semiconductor was formed on a sapphire 
substrate by repeating steps A and B three times and then proceeding 
with steps C and D. In step A, metal nuclei were adhered to 
the substrate by flowing a gas containing trimethyl aluminum 
(TMAl) vapor, and in step B, the metal nuclei were annealed 
in hydrogen gas. After repeating steps A and B three times, 
in step C a mixture of hydrogen and ammonia was flowed to nitride 
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the annealed metal nuclei and form them into growth nuclei; 
and in step D, TMGa and ammonia were flowed to effect further 
growth of gallixrai nitride on the growth nuclei , thereby fabricating 
on the sapphire substrate a layer of gallium nitride-based compound 
semiopnductor provided with a film of gallium nitride crystal. 

First, the substrate surface was thermally cleaned. While 
this was going on , hydrogen carrier gas was flowed through bubblers 
containing trimethyl gallium (TMGa) and trimethyl aluminum (TMAl) 
to start the bubbling. The piping of each bubbler was connected 
to the reactor. A thermobath was used to keep the bubblers at 
a constant temperature. Until the start of the step of growing 
the layer of gallium nitride-based compound semiconductor, TMGa 
and TMAl vapor produced by the bubbling and the carrier gas 
were released to the outside of the system via a deharmanizing 
system. After completion of the thermal cleaning, the nitrogen 
gas valve was closed, so that the reactor was supplied only 
with hydrogen. 

After changing the carrier gas, the substrate temperature 
was reduced to 1160°C. After confirming the temperature had 
stabilized at 1160°C, the TMAl valve was operated to supply the 
reactor with gas containing TMAl vapor to adhere the metal nuclei 
to the sapphire substrate. 

After 3 minutes of this, the supply of TMAl-vapor-containing 
gas to the reactor was stopped. That state was maintained for 
30 seconds to anneal the metal nuclei in the hydrogen carrier 
gas. After the 30 seconds of annealing, the TMAl line valve 
was operated to restart delivery to the reactor of gas containing 
TMAl vapor to adhere the metal nuclei. As in the first time, 
after 3 minutes of this processing, the supply of 
TMAl-vapor-oontaining gas to the reactor was stopped for 30 
seconds to anneal the metal nuclei in the hydrogen carrier gas . 
These steps were then performed once more , repeating the formation 
and annealing of the metal nuclei (step A -> step B) a total 
of three times. After the third annealing, the flow of ammonia 
gas to the reactor was started to nitride the annealed metal 
nuclei and form them into growth nuclei. After flowing the gas 
for 10 seconds, the TMGa valve was operated to start supplying 
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TMGa to the reactor to effect further growth of gallium nitride 
on the growth ■ nuclei . 

After growing the film of gallium nitride crystal for 1 
hour, the growth process was terminated by shutting off the 
supply of TMGa to the reactor. The induction heater was then 
switched off and the substrate was allowed to cool to room 
temperature over a 20 -minute period. During this time, the 
atmosphere in the reactor was comprised of ammonia, nitrogen 
and hydrogen, the same as during the growth process, but when 
it was confirmed that the substrate had cooled to 300°C, the 
ammonia and hydrogen were shut off, while the nitrogen gas 
continued to be flowed until the substrate cooled to room 
temperature, at which point it was removed from the reactor. By 
means of the above procedure, a gallium nitride crystal film 
2 \xm thick was fabricated on the sapphire substrate , The substrate 
removed from the reactor was colorless and transparent, and 
the epitaxial layer had a mirror surface. 

XRC measurement of non- doped gallium nitride crystal grown 
by the above method was performed. Using a Cu p line X line 
light source, measurement was conducted using the symmetrical 
(0002) plane and the asymmetrical ( 10-12) plane. The measurement 
showed the (0002) plane to have a peak width at half height 
value of 300 seconds, while that of the (10-12) plane was 320 
seconds . Both are good values . An atomic force microscope was 
used to examine the surface of the topmost film of gallium nitride 
crystal. The surface was found to have good morphology, with 
no growth pits being observed . To measure the etching-pit density 
of the film, a specimen was immersed for 10 minutes at 280°C 
in a solution of sulfuric acid and phosphoric acid. The surface 
was then examined with an atomic force microscope to measure 
the etching-pit density, which was around 7 x 10^ cm■^ 

A specimen was also fabricated using the same steps until 
partway through the procedure, when the wafer was removed from 
the reactor before the step of growing the gallium nitride crystal 
film. When the specimen was examined with an atomic force 
microscope, the sapphire surface was found to have clusters 
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of trapezoidal cross-section crystals of gallium nitride aluminum 
constituting growth nuclei. Thus, in the case of this example, 
metal nuclei formation and annealing steps were repeated, 
increasing the opportunities for controlling the density the 
metal nuclei on the substrate and the shape of the annealed 
nuclei . This enables the precision of the process to be increased, 
and makes it possible for the gallium nitride-based compound 
semiconductor layer based on these metal nuclei to be given 
the desired shape and quality. 

In Example 6, the formation and annealing of the metal 
nuclei were repeated three times. However, it is also possible 
to use just two repetitions, or to use four or more, as required. 

Example 7 

In this example, as shown in Figure 4, a layer of gallium 
nitride-based compound semiconductor was formed on a sapphire 
substrate by repeating steps A , B and C two times and then proceeding 
with step D . In step A, metal nuclei were adhered to the substrate 
by flowing a gas containing trimethyl alximinum (TMAl) vapor, 
trimethyl gallium (TMGa) vapor and trimethyl indium (TMIn) vapor 
mixed at a molar ratio of 1:2:4, in step B the metal nuclei 
were annealed in hydrogen gas , and in step C a mixture of hydrogen 
and ammonia was flowed to nitride the annealed metal nuclei 
and form them into growth nuclei. After repeating steps A, B 
and C two times, in step D, TMGa and ammonia were flowed to 
effect further growth of gallium nitride on the growth nuclei, 
thereby fabricating on the sapphire substrate a layer of gallium 
nitride -based compound semiconductor provided with a film of 
gallium nitride crystal. 

First, the substrate surface was thermally cleaned, during 
which time hydrogen carrier gas was flowed through bubblers 
containing trimethyl gallium (TMGa), trimethyl aluminum (TMAl) 
and trimethyl indium (TMIn) to start the bubbling. The piping 
of each bubbler was connected to the reactor, and a thermobath 
was used to keep the bubblers at a constant temperature. Until 
the start of the step of growing the layer of gallium nitride-based 
compound semiconductor, the TMGa, TMAl and TMIn vapor produced 
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by the bubbling, and the carrier gas, were released to the outside 
of the system via a deharmani zing system. After completion of 
the thermal cleaning, the nitrogen gas valve was closed, so 
that the reactor was supplied only with hydrogen. 

After changing the carrier gas, the substrate temperature 
was lowered to goCC. After confirming the temperature had 
stabilized at goCc, the TMGa, TMAl and TMIn line valves were 
operated to supply the reactor with gas containing TMGa, TMAl 
and TMIn vapor to adhere the metal nuclei to the sapphire substrate . 
Mass flow controllers of bubbling line were used to adjust the 
mixture of the TMGa, TMAl and TMIn to a molar ratio of 2:1:4. 

After 3 minutes of this processing, the reactor supply 
of gas containing TMGa, TMAl and TMIn vapor was stopped. That 
state was maintained for 30 seconds to anneal the metal nuclei 
in the hydrogen carrier gas. After the 30 seconds of annealing, 
the ammonia line valve was used to supply ammonia gas to the 
reactor to nitride the annealed metal nuclei, forming them into 
growth nuclei. After flowing the ammonia gas for 1 minute, the 
valve was used to halt the flow of ammonia gas to the reactor. 
This state was maintained for 30 seconds, and then the valves 
were used to restart the supply of gas containing TMGa, TMAl 
and TMIn vapor to again effect adhering of metal nuclei to the 
sapphire substrate. After 3 minutes of this processing, the 
supply of gas containing TMGa, TMAl and TMIn vapor to the reactor 
was halted, and that state was maintained for 30 seconds to 
anneal the metal nuclei in the hydrogen carrier gas. After the 
30 seconds of annealing, the ammonia line valve was used to 
start the supply of ammonia gas to the reactor to nitride the 
annealed metal nuclei, forming them into growth nuclei. This 
sequence of the steps of forming, annealing and nitriding the 
metal nuclei (step A -> step B -> step C) was performed two 
times . 

After 10 seconds of gas flowing, the susoeptor temperature 
was elevated to lieo'C. The flow rate of the TMGa was adjusted 
during this temperatture elevation. After confirming the 
susceptor temperature had reached 1160'C and allowing the 
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temperature to stabilize, the TMGa valve was operated to start 
supplying TMGa to the reactor for further growth of gallium 
nitride on the growth nuclei. After growing the film of gallixim 
nitride crystal for 1 hour, the growth process was terminated 
by shutting off the supply of TMGa to the reactor. The induction 
heater was then switched off and the substrate was allowed to 
cool to room temperature over a 20-rainute period. During this 
time, the atmosphere in the reactor was comprised of ammonia, 
nitrogen and hydrogen, the same as during the growth process, 
but when it was confirmed that the substrate had cooled to 300°C, 
the ammonia and hydrogen were shut off, while the nitrogen gas 
continued to be flowed until the substrate cooled to room 
temperature, at which point it was removed from the reactor. 

The above procedure was used to fabricate a non- doped gallium 
nitride crystal film 2 \m thick on the sapphire substrate. The 
substrate removed from the reactor was colorless and transparent , 
and the epitaxial layer had a mirror surface. 

XRC measurement of non -doped gallium nitride crystal grown 
by the above method was perfoimed. Using a Cu |3 line X line 
light source, measurement was conducted using the symmetrical 
( 0002 ) plane and the asymmetrical ( 10-12 ) plane . The measurement 
showed the (0002) plane to have a peak width at half height 
value of 250 seconds, while that of the (10-12) plane was 300 
seconds , both of which are good values . An atomic force microscope 
was used to examine the surface of the topmost film of gallium 
nitride crystal. The surface was found to have good morphology, 
with no growth pits being observed. To measure the etching -pit 
density of the film, a specimen was^ immersed for 10 minutes 
at 280°C in a solution of sulfuric acid and phosphoric acid. 
The surface was then examined with an atomic force microscope 
to measure the etching-pit density, which was around 3 x lo' 
cm'^ . 

A specimen was also fabricated using the same steps until 
partway through the procedure, when the wafer was removed from 
the reactor before the step of growing the gallium nitride crystal 
film . When the wafer was examined with an atomic force microscope , 
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the sapphire surface was found to have clusters of trapezoidal 
cross -section crystals of gallium nitride aluminum constituting 
growth nuclei. Thus, in the case of this Example 7, the steps 
of metal nuclei formation, annealing and metal nuclei formation 
were repeated, increasing the opportunities for controlling 
the density of the metal nuclei on the substrate and the shape 
of the annealed nuclei . This enables the precision of the process 
to be increased, and makes it possible for the gallium 
nitride -based compound semiconductor layer based on these metal 
nuclei to be given the desired shape and quality. 

In Example 7, the formation, annealing and formation of 
the metal nuclei were repeated two times. However, it is also 
possible to three or more repetitions, if required. 

Example 8 

In this example of the forming of a gallium nitride -based 
compound semiconductor layer on a sapphire substrate, as shown 
in Figure 5, step A was divided into two stages, step Al and 
step A2, which were followed by steps B, C and D. In step Al, 
a gas containing trimethyl aluminum (TMAl) vapor was flowed, 
and in step A2 a gas containing trimethyl gallium (TMGa) vapor 
was flowed, to adhere the metal nuclei onto the substrate. Then, 
in step B, the metal nuclei were annealed in hydrogen gas, and 
in step C a mixture of hydrogen and ammonia was flowed to nitride 
the annealed metal nuclei to form them into growth nuclei. In 
step D, TMGa and ammonia were flowed to effect further growth 
of gallium nitride on the growth nuclei, to thereby fabricate 
on the sapphire substrate a layer of gallium nitride -based compound 
semiconductor having a film of gallium nitride crystal. 

To start with, the substrate surface was thermally cleaned, 
during which time hydrogen carrier gas was flowed through bubblers 
containing trimethyl gallium (TMGa) and trimethyl aluminum (TMAl) 
to start the bubbling. The piping of each bubbler was connected 
to the reactor, and a thermobath was used to keep the bubblers 
at a constant temperature . Until the start of the step of growing 
the layer of gallium nitride-based compound semiconductor, the 
TMGa and TMAl vapor produced by the bubbling, along with the 
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carrier gas, was released to the outside of the system via a 
deharmanizing system. 

After completion of the thermal cleaning, the nitrogen 
gas valve was closed, so that the reactor was supplied only 
with hydrogen gas . After changing the carrier gas , the substrate 
temperature was lowered to 1100°C. After confirming the 
temperature had stabilized at 1100°C, the TMAl line valve was 
operated to supply the reactor with gas containing TMAl vapor 
to initiate the process of adhering metal (Al) nuclei to the 
sapphire substrate . After 1 minute of this processing, the valve 
was used to stop gas containing TMAl vapor being supplied to 
the reactor (step Al). Then, the TMGa valve was used to supply 
the reactor with gas containing TMGa vapor to initiate the process 
of adhering metal (Ga) nuclei to the sapphire substrate. After 
2 minutes of this processing, the valve was used to stop the 
supply of gas containing TMGa vapor to the reactor (step A2). 
In this way, the forming of the metal nuclei was done in two 
stages, steps Al and A2. 

This state was maintained for 5 minutes, annealing the 
metal nuclei in the hydrogen carrier gas. After the 5 minutes 
of annealing, the ammonia line valve was used to initiate the 
supply of anmionla gas to the reactor to nitride the annealed 
metal nuclei, forming them into growth nuclei. 

After 10 seconds of gas flowing, the susceptor temperature 
was elevated to IISCC. The flow rate of the TMGa was adjusted 
during this temperature elevation. After confirming the 
susceptor temperature had reached 1160°C and allowing the 
temperature to stabilize, the TMGa valve was operated to initiate 
a supply of TMGa to the reactor for further growth of gallium 
nitride on the growth nuclei. 

After growing the film of gallium nitride crystal for 1 
hour, the growth process was terminated by shutting off the 
supply of TMGa to the reactor. The induction heater was then 
switched off and the substrate was allowed to cool to room 
temperature over a 20 -minute period. During this time, the 
atmosphere in the reactor was comprised of ammonia, nitrogen 
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and hydrogen, the same as during the growth process, but when 
it was confirmed that the substrate had cooled to 300°C, the 
ammonia and hydrogen were shut off, while the nitrogen gas 
continued to be flowed until the substrate cooled to room 
temperature, at which point it was removed from the reactor. 

Using the above procedure, a- non-doped gallium nitride 
crystal film 2 \m thick was fabricated on the sapphire substrate. 
The substrate removed from the reactor was colorless and 
transparent, and the epitaxial layer had a mirror surface. 

XRC measurement of non-doped gallium nitride crystal grown 
by the above method was performed. Using a Cu p line X line 
light source, measurement was conducted using the symmetrical 
(0002) plane and the asymmetrical (10-12) plane. The measurement 
showed the (0002) plane to have a peak width at half height 
value of 180 seconds, while that of the (10-12) plane was 290 
seconds. When an atomic force microscope was used to examine 
the surface of the topmost film of gallium nitride crystal, 
the surface was found to have good morphology, with no growth 
pits being observed. To measure the etching-pit density of the 
film, a specimen was immersed for 10 minutes at 280°C in a solution 
of sulfuric acid and phosphoric acid. The surface was then 
examined with an atomic force microscope tomeasure the etching-pit 
density, which was around 1 x lO^cra"^. 

A specimen was also fabricated using the same steps until 
partway through the procedure, when the wafer was removed from 
the reactor before the step of growing the gallium nitride crystal 
film . When the wafer was examined with an atomic force microscope , 
the sapphire surface was found to have clusters of trapezoidal 
cross-section crystals of gallium nitride aluminum constituting 
growth nuclei. 

Thus, in the case of this Example 8, the forming of the 
metal nuclei was performed in two stages, which makes it possible 
to use a more diverse range of metals to form the nuclei and 
also enables the density of the metal nuclei on the substrate 
to be controlled more precisely. As a result, the gallium 
nitride -based compound semiconductbr layer based on these metal 
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nuclei can be given the desired shape and quality. 

Although in Example 8 the formation of the metal nuclei 
was done in two stages, each effected once, each of the two 
stages can be repeated two or more times . Moreover , the invention 
is not limited to the formation step being performed in two 
stages . The step can instead be performed in three or more stages . 
Increasing the number of repetitions and the number of stages 
enables the metal nuclei to be formed with higher precision. 
In Example 8, also, although the metal nuclei are annealed in 
the hydrogen carrier gas after they have been formed in two 
stages, this annealing step can be omitted. However, in that 
case it becomes necessary to select an appropriate type of material 
for the metal nuclei, and an appropriate gas temperature and 
pressure for the nltriding of the nuclei. 

Example 9 

As in the case of Example 8 (Figure 5). in the forming 
of a gallium nitride-based compound semiconductor layer on a 
sapphire substrate In Example 9, step A was divided into two 
stages, step Al and step A2, which were followed by steps B, 
C and D. In step Al, a gas containing trimethyl aluminum (TMAl) 
vapor was flowed, and in step A2 a gas containing trimethyl 
gallium (TMGa) vapor and trimethyl indium (TMIn) vapor mixed 
at a molar ratio of 1:2 was flowed to adhere the metal nuclei 
to the substrate. Steps Al and A2 were performed at different 
temperatures. In step B, the metal nuclei were annealed in 
hydrogen gas, and in step C a mixture of hydrogen and ammonia 
was flowed to nitride the annealed metal nuclei to form growth 
nuclei . In step D , TMGa and ammonia were flowed to effect further 
growth of gallium nitride on the growth nuclei, to thereby 
fabricate on the sapphire substrate a layer of gallium 
nitride-based compound semiconductor having a film of gallium 
nitride crystal. 

First, the substrate surface was thermally cleaned, during 
which time hydrogen carrier gas was flowed through bubblers 
containing trimethyl gallium (TMGa), trimethyl alxaminum (TMAl) 
and trimethyl indium (TMIn) to start the bubbling. The piping 
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Of each bubbler was connected to the reactor, and. a thermobath 
was used to keep the bubblers at a constant temperature. Until 
the start of the step of growing the layer of gallium nitride-based 
compound semiconductor, the TMGa, THAI and TMIn vapor produced 
by the bubbling, and the carrier gas, were released to the outside 
of the system via a deharmanizing system. After completion of 
the thermal cleaning, the nitrogen carrier gas valve was closed, 
so that the reactor was supplied only with hydrogen. 

After changing the carrier gas, the substrate temperature 
was lowered to 1160°C. After confirming the temperature had 
stabilized at lieO'C, the TMAl line valve was operated to supply 
the reactor with gas containing TMAl vapor to initiate the process 
of adhering metal (Al) nuclei to the sapphire substrate. After 
1 minute of this processing, the valve was used to stop the 
supply of gas containing TMAl vapor to the reactor (step Al). 
The susoeptor temperature was then changed to 950°C. After 
waiting 10 seconds for the temperature to stabilize, the TMGa 
and TMIn valves were used to supply the reactor with gas containing 
TMGa and TMIn vapor to initiate the process of adhering metal 
(Ga and In) nuclei to the sapphire substrate. Mass flow 
controllers of bubbling line were used to adjust the mixture 
ratio of the TMGa and TMIn to a molar ratio of 1:2. After 2 
minutes of this processing, the valves were used to stop the 
supply of gas containing TMGa and TMIn vapor to the reactor 
(step A2). In this way, the forming of the metal nuclei was 
done in two stages, steps Al and A2. 

This state was maintained for 5 minutes to anneal the metal 
nuclei in the hydrogen carrier gas. After the 5 minutes of 
annealing, the ammonia line valve was used to initiate the supply 
of ammonia gas to the reactor to nitride the annealed metal 
nuclei, foirming them into growth nuclei. 

After 10 seconds of gas flowing, the susceptor temperature 
was elevated to 1160°C. The flow rate of the TMGa was adjusted 
during this temperature elevation. After confirming the 
susceptor temperature had reached 1160°C and allowing the 
temperature to stabilize, the TMGa valve was operated to initiate 
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a supply of TMGa to the reactor to initiate further growth of 
gallium nitride on the growth nuclei. 

After growing the film of gallium nitride crystal for 1 
hour, the growth process was terminated by shutting off the 
supply of TMGa to the reactor. The induction heater was then 
switched off and the substrate was allowed to cool to room 
temperature over a 20 -minute period. During this time, the 
atmosphere in the reactor was comprised of ammonia, nitrogen 
and hydrogen, the same as during the growth process, but when 
it was confirmed that the substrate had cooled to 300°C, the 
ammonia and hydrogen were shut off, while the nitrogen gas 
continued to be flowed until the substrate cooled to room 
temperature, at which point it was removed from the reactor. 

Using the above procedure, a non- doped gallium nitride 
crystal film 2 ]m thick was fabricated on the sapphire substrate. 
The substrate removed from the reactor was colorless and 
transparent, and the epitaxial layer had a mirror surface. 

XRC measurement of non-doped gallium nitride crystal grown 
by the above method was performed. Using a Cu p line X line 
light source, measurement was conducted using the symmetrical 
(0002) plane and the asymmetrical (10-12) plane. The measurement 
showed the (0002) plane to have a peak width at half height 
value of 190 seconds, while that of the (10-12) plane was 260 
seconds. When an atomic force microscope was used to examine 
the surface of the topmost film of gallium nitride crystal, 
the surface was found to have good morphology, with no growth 
pits being observed. To measure the etching-pit density of the 
film, a specimen was immersed for 10 minutes at 280°C in a solution 
of sulfuric acid and phosphoric acid. The surface was then 
examined with an atomic force microscope to measure the etching-pit 
density, which was around 1 x 10' cm"^ 

A specimen was also fabricated using the same steps until 
partway through the procedure, when the wafer was removed from 
the reactor before the step of growing the gallium nitride crystal 
film. When the specimen was examined with an atomic force 
microscope, the sapphire surface was fo\ind to have clusters 
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Of trapezoidal cross -section crystals of gallium nitride aluminum 
constituting growth nuclei. 

Thus, in the case of this Example 9, the forming of the 
metal nuclei was performed in two stages , each set at a different 
temperature. This makes it possible to use a more diverse range 
of metals to form the nuclei and, with respect to the adhering 
of the metal nuclei it also makes it possible to tailor the 
temperature more accurately to the metal used. It also enables 
the density of the metal nuclei on the substrate to be controlled 
more precisely. As a result, the gallium nitride-based compound 
semiconductor layer based on these metal nuclei can be given 
the desired shape and quality. 

Although in Example 9 the formation of the metal nuclei 
was done in two stages, after which the nuclei were annealed 
in hydrogen carrier gas, the annealing step can be omitted. 
If that is done, the metal nuclei formation and nitriding steps 
can each be performed two or more times. 

Comparative Example 1 

A comparative wafer specimen was fabricated for comparison 
with specimens fabricated in accordance with each of the Examples 
1 to 3 and 5 to 9. The comparative specimens were fabricated 
using the low- temperature buffer layer method of the prior art, 
as described in the above-mentioned JP-A Hei 4-297023. This 
method was used to fabricate a non-doped film of gallium nitride 
crystal 2 \m thick on the substrate. The specimen thus prepared 
was colorless and transparent, and the epitaxial layer had a 
mirror surface. 

XRC measurement of the non-doped gallium nitride crystal 
film grown by the above prior art method showed the (0002) plane 
and (10-12) plane to have peak width at half height values of 
400 seconds and 500 seconds, respectively. When the surface 
of the topmost layer of gallium nitride crystal was examined 
with an atomic force microscope, the surface was found to have 
scattered growth pits and terraces with short arches, indicating 
the presence of numerous dislocations . To measure the etch-pit 
density, specimens were prepared using the same process as Example 
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5. Examination with an atomic force microscope revealed an 
etching-pit density of 2 x 10® cm"^. 

Example 10 

In Example 10 , the method described with reference to Example 
8 was used to form a gallium nitride-based compound semiconductor 
layer on a substrate, on which other gallium nitride layers 
were then formed, to fabricate a semiconductor light -emitting 
device . 

Figure 6 shows the cross-sectional structure of the 
semiconductor light-emitting device fabricated in accordance 
with Example 10. In Example 10, the MOCVD method was used to 
form a multilayer structure for a semiconductor light -emitting 
device, using the following procedure. Metal nuclei were formed 
on a substrate 11 heated to a high temperature by flowing a 
gas containing trimethyl aluminum (TMAl) vapor, followed by 
the flowing of a gas containing trimethyl gallium (TMGa) vapor. 
The metal nuclei were then annealed in hydrogen and nitrided 
in ammonia . The following layers were then formed on the substrate , 
in the following order: a 2-nm low Si doped GaN layer 12 having 
an electron concentration of 1 x lo" cm"^• a l-^m highly Si doped 
GaN layer 13 having an electron concentration of 1 x 10"cm'^• 
a 100- A Ino.1Gao.9N cladding layer 14 having an electron 
concentration of 1 x lo" om"^• a multi quantum well structure 
that started with a GaN barrier layer 15 and ended with a GaN 
barrier layer 15, comprising six 70- A GaN barrier layers 15 
andfive20-A non-dopedIno.2Gao.aN well layers 16; a 30 -A Alo.zGao.gN 
diffusion prevention layer 17; an b.l5-nm Mg-doped GaN layer 
1 8 having a hole - concentration of 8 x 1 0^' cm"^ ; and al00~A Mg- doped 
Ino.1Gao.9N layer 19 having a hole -concentration of 5 x 10" cm"^. 
The wafer comprised by the sapphire substrate and the above 
multilayer structure was then used to fabricate a light -emitting 
diode . 

A wafer having the above epitaxial structure was fabricated 
by the MOCVD method, using the following steps. 
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First, the sapphire substrate 11 was put into a quartz 
reactor inside the RF coil of an induction heater. Using a glove 
box supplied with nitrogen gas, the substrate was placed on 
a carbon susceptor, after which nitrogen gas was used to purge 
the inside of the reactor. After flowing the nitrogen gas for 
10 minutes, the induction heater was activated and used to heat 
the substrate to 1170°C, with the temperature being elevated 
over a ten-minute period. At the same time, the pressure inside 
the reactor was adjusted to 50 hPa. The substrate temperature 
was maintained at 1170°C while hydrogen gas and nitrogen gas 
were flowed for 9 minutes to thermally clean the substrate surface . 

During the thermal cleaning, hydrogen carrier gas was flowed 
through bubblers containing trlmethyl gallium (TMGa) and 
trimethyl alTjmlnum (THAI) connected to the reactor, to start 
the bubbling. A thermobath was used to keep the bubblers at 
a constant temperature. Until the start of the growth process, 
TMGa and THAI vapor produced by the bubbling, together with 
the carrier gas, was released to the outside of the system via 
a deharmanizing system . After completion of the thermal cleaning , 
the nitrogen gas valve was closed, so that only hydrogen was 
supplied to the reactor. 

After changing the carrier gas , the substrate temperature 
was reduced to llOO'C and the reactor pressure adjusted to 100 
hPa. After confirming the temperature had stabilized at 1100°C, 
the TMAl valve was operated to provide the reactor with a supply 
of gas containing TMAl vapor, initiating the process of adhering 
metal (Al) nuclei to the sapphire substrate. After 1 minute 
of this process, the TMAl valve was used to stop the supply 
of the gas containing TMAl vapor . Next , the TMGa valve was operated 
to provide the reactor with a supply of gas containing TMGa 
vapor, again Initiating the process of adhering metal (Ga) nuclei 
to the sapphire substrate. After 2 minutes of this process, 
the TMGa valve was used to stop the supply of the gas containing 
TMGa vapor . In this way , formation of the metal nuclei was divided 
into two stages. 

This state was maintained for 5 minutes, annealing the 
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metal nuclei thus formed in the hydrogen carrier gas. After 
the 5 minutes of annealing, the ammonia line valve was used 
to initiate the supply of ammonia gas to the reactor to nitride 
the annealed metal nuclei, forming them into growth nuclei. 
Up to this point, the procedure was the same as that of Example 
4. 

After flowing the ammonia for 10 seconds, the susceptor 
temperature was elevated to 1160°C. The line flow rate of the 
TMGa was adjusted during this temperature elevation, and a flow 
of SiH4 was initiated. During the time until the initiation 
of the low Si doped GaN layer growth process , the SiH* was released 
to the exterior via a deharmanizlng system. After confirming 
the susceptor temperature had reached lieo'C and allowing the 
temperature to stabilize, the TMGa and SiH* valves were operated 
to initiate a supply of TMGa and SiH^ to the reactor to start 
the formation of the low Si doped GaN layer, which continued 
for about 75 minutes. Based on prior studies, the flow rate 
of the SiH^ was controlled to achieve an electron concentration 
of 1 X 10" cm-' in the GaN layer. In this way, a low Si doped 
GaN layer 12 having a thickness of 2 |xm was formed. 

A highly Si doped n-GaN layer was then grown on the low 
Si doped GaN layer. Specifically, after growing the low Si doped 
GaN layer 12, the supply of TMGa and SiH^ to the reactor was 
stopped for a one -minute period, during which time the flow 
rate of the SiH^ was changed. Based on prior studies, the flow 
rate of the SiH^ was controlled to achieve an electron concentration 
of 1 X 10" cm"" in the highly Si doped GaN layer. The reactor 
continued to be supplied with ammonia at the same flow rate. 
After the one minute halt, the supply of TMGa and SiH^ was resumed 
and layer formation continued for 45 minutes, resulting in a 
highly Si doped GaN layer 13 1 |jm thick. 

After forming the highly Si doped GaN layer 13, the TMGa 
and SiH^ valves were used to halt the supply of these materials 
to the reactor, and the carrier gas was switched from hydrogen 
to nitrogen while maintaining the flow of ammonia . The temperature 
of the substrate was then decreased from 1160°C to 800°C, and 
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at the same time the reactor pressure was changed, from 100 hPa 
to 200 hPa. 

The SiH4 flow rate was changed while waiting for the 
temperature in the reactor to change. Based on prior studies, 
the flow rate of the SiH^ was controlled to achieve an electron 
concentration of 1 x lo" cm"^ in the Si-doped InGaN cladding layer. 

The reactor continued to be supplied with ammonia at the same 
flow rate. The flow of trimethyl indium (TMIn) and triethyl 
gallium (TEGa) carrier gas to the bubbler had already been started. 

Until the start of the cladding layer formation, SiH^ gas, along 
with the TMIn and TEGa vapor produced by the bubbling , was released 
to the outside of the system via a deharmanizing system, together 
with the carrier gas . After giving the reactor time to stabilize , 
the supply of TMIn, TEGa and SiH4 to the reactor was initiated 
and maintained for about 10 minutes to form a Si-doped Ino.1Gao.9N 
cladding layer 14 100 A thick, after which the supply of TMIn, 
TEGa and SiH4 to the reactor was stopped. 

Next to be fabricated was the multi quantum well structure 
comprised of GaN barrier layers 15 and Ino.zGao.sN well layers 
16. First, a GaN barrier layer 15 was formed on the Si-doped 
Ino.1Gao.9N cladding layer 14, then an Ino.^Gao.oN well layer 16 
was formed on the GaN barrier layer 15. After repeating this 
procedure five times to build up the requisite multilayer structure , 
a sixth GaN barrier layer 15 was formed on a fifth lUo.aGao.gN 
well layer 16, creating a structure having a GaN barrier layer 
15 at each end. 

To form the first GaN layer; after the Si-doped Ino.1Gao.9N 
cladding layer was completed, there was a pause of 30 seconds, 
after which TEGa was supplied to the reactor while maintaining 
the same substrate temperature, reactor pressure, carrier gas 
type and carrier gas flow rate. After 7 minutes the supply of 
TEGa was stopped, terminating the formation of the GaN barrier 
layer 15 at a thickness of 70 A. 

During the formation of the GaN barrier layers 15, the 
molar flow rate of the TMIn flowing to the deharmanizing system 
was doubled, compared to the flow rate used during the forming 
of the cladding layer 14. Following the completion of a GaN 
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baxrier layer 15, the supply of group III material was stopped 
for 30 seconds, and the TEGa and TMIn valves were operated to 
supply TEGa and TMIn to the reactor, while at the same time 
maintaining the same substrate temperature, reactor pressure 
and carrier gas type and flow rate . After 2 minutes , the supply 
of TEGa TMIn was stopped, completing the formation of an Ino.aGao.aN 
well layer 16 20 A thick. 

After finishing an Ino.zGao.gN well layer 16, the supply of 
group III material was halted for 30 seconds, after which the 
supply of TEGa to the reactor was initiated while maintaining 
the same substrate temperature, reactor pressure, carrier gas 
type and carrier gas flow rate, to grow another GaN barrier 
layer. This procedure was repeated five times to fabricate the 
five GaN barrier layers 15 and the five Ino.zGao.gN well layers 
16. Finally, a GaN barrier layer 15 was formed on the final 
Ino.aGao.gN well layer 16. 

The following procedure was used to form anon- doped Alo.jGaio.aN 
diffusion prevention layer 17 on the final GaN barrier layer 
15. In the one minute following the stopping of the supply of 
TEGa to complete the GaN barrier layer 15, the reactor pressure 
was changed to 100 hPa while retaining the same substrate 
temperature and carrier gas type and flow rate. The flow of 
trimethyl aluminum (TMAl) carrier gas to the bubbler had already 
been started . Until the start of the step of forming the dispersion 
prevention layer , TMAl vapor produced by the bubbling was released 
to the outside of the system via a deharmanizing system, along 
with the carrier gas. Next, after giving the reactor pressure 
time to stabilize, a supply of TEGa and TMAl to the reactor 
was initiated. Layer formation proceeded for the next 3 minutes 
or so, after which the supply of TEGa and TMAl was stopped to 
stop the growth of the non-doped Alo.^Gao.aN diffusion prevention 
layer 17, thus obtaining a 30-: A -thick non - doped Alo.zGao.gN 
diffusion prevention layer 17. 

An Mg-doped GaN layer 18 was then grown on the non-doped 
Alo.zGao.gN diffusion prevention layer 17. In the 2 minutes after 
the supply of TEGa and TMAl was stopped to complete the growth 
of the non- doped Alo.jGao.sN diffusion prevention layer 17, the 
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temperature of the substrate was elevated to lOeCc and the reactor 
pressure changed to 200 hPa. Also, the carrier gas was changed 
to hydrogen. A flow of bicyolopentadienyl magnesium (CpaMg) 
carrier gas through the bubbler had already started. Until the 
start of the step of forming the Mg-doped GaN layer, Cp^Mg vapor 
produced by the bubbling, along with the carrier gas , was released 
to the outside of the system via the deharmanizing system. After 
the change of temperature and pressure, the reactor pressure 
was given time to stabilize and the supply of TMGa and CpgMg 
to the reactor was initiated . The CpjMg flow rate had been studied 
beforehand, and was adjusted to achieve a hole -concentration 
of 8 X 10^' cm"^ in the Mg-doped GaN cladding layer. After around 
6 minutes of growth, the supply of TMGa and CpjMg was stopped 
to halt formation of the Mg-doped GaN layer . This process resulted 
in a 0. 15 -pm- thick Mg-doped GaN layer 18. 

A Mg-doped InGaN layer 19 was then formed on this Mg-doped 
GaN layer 18, as follows. After the supply of TMGa and Cp^Mg 
was stopped, terminating the growth of the Mg-doped GaN layer 

18, a 2 -minute period was used to lower the substrate temperature 
to 800°C and to change the carrier gas to nitrogen. The reactor 
was kept at the same pressure of 200 hPa. The flow rate of the 
CpjMg was adjusted to give the Mg-doped In^.^Ga^.^N layer 19 the 
same amount of Mg dopant as the Mg-doped GaN layer. Based on 
a prior study, it was judged that that amount of dopant would 
give the Mg-doped Ino.iGao.jN layer a hole-concentration of 5 x 
10"om■^ 

After waiting for the substrate temperature to stabilize, 
the flow of TMIn, TEGa and CpgMg to the reactor was initiated. 
After a 10 -minute period of growth, the supply of TMIn, TEGa 
and CpgMg was stopped to terminate the growth of the Mg-doped 
Ino.1Gao.9N layer 19. The Mg-doped Ino.iGao.gN layer 19 thus formed 
was 100 A thick. 

Following the completion of the Mg-doped Ino.iGao.gN layer 

19, the induction heater was switched off and the substrate 
was given 20 minutes to cool to room temperature. During this 
time , the atmosphere in the reactor was comprised only of nitrogen . 
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After confirming that the substrate had cooled to room temperature , 
the wafer thus formed was taken out of the reactor. The wafer 
was transparent, with a yellowish tint, and the epitaxial layer 
had a mirror surface. Thus, in accordance with the foregoing 
procedure, a wafer was fabricated having an epitaxial structure 
for use in a semiconductor light -emitting device. The Mg-doped 
GaN layer 18 and the Mg-doped Ino.16ao.9N layer 19 both exhibited 
p-type characteristics even though no annealing was used to 
activate p-type carriers. 

Next , a wafer having the above epitaxial structure formed 
on a sapphire substrate was used to fabricate a light -emitting 
diode. A known photolithography process was used to fabricate 
a p-side electrode on the surface 18a of the 100- A Mg-doped 
Ino.1Gao.9N layer 18, by forming a p-electrode bonding pad 20 
comprised of a lamination of layers of titanium, aluminum, and 
gold, in that order, and a transparent p-side electrode 21 formed 
only of gold. Dry etching was then used to expose a portion 
131 of the highly Si doped GaN layer 13 for an n-side electrode, 
and an n-electrode 22 of Ni and Al was fabricated at the exposed 
portion 131. Figure 7 shows the shapes of the electrodes thus 
fabricated on the wafer. 

The reverse side of the sapphire substrate was then ground 
and polished to a mirror finish, and the wafer was cut into 
350-(jm-square chips. A chip was then mounted on a lead frame 
electrode side up, and connected to the lead frame with gold 
wire, to form a light -emitting device. When a forward current 
of 20 mA was applied across the electrodes , the forward voltage 
was 3.0 V. The wavelength of light emitted through the p-side 
translucent electrode was 470 nm, and emission output was 6 
cd. 

Example 11 

This example will be explained with reference to the steps 
used form gallium nitride -based compound semiconductor and 
fabricate a semiconductor light -emitting device. Metal nuclei 
were formed by twice alternating the flowing of TMAl (step Al) 
and the flowing of TMGa (step A2), and the metal nuclei were 
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then nitrided (step C) without any annealing (step B) , and a 
layer of gallium nitride-based compound semiconductor was then 
formed over the nitrided nuclei (step D) . The device that was 
fabricated had the same structure as the one shown in Figure 
6. 

An example of the device having the above structiore was 
fabricated by the MOCVD method, as described below. A sapphire 
substrate 11 was placed in a quartz reactor inside the RF coil 
of an induction heater. A glove box supplied with nitrogen gas 
was used to place the substrate on a carbon susceptor for heating, 
after which nitrogen gas was flowed to purge the inside of the 
reactor . As in the case of Example 6 , the substrate was thermally 
cleaned prior to the step of adhering the metal nuclei. During 
the thermal cleaning, bubbling of the same materials used in 
Example 6 was started, with the vapor thus produced being vented 
to the outside via a deharmanizing system. After completion 
of the thermal cleaning, the nitrogen carrier gas valve was 
closed, so that the reactor was supplied only with hydrogen 
gas. 

After changing the carrier gas, the substrate temperature 
was reduced to 1100°C and the reactor pressure adjusted to 100 
hPa. After confirming the temperature had stabilized at 1100°c, 
the TMAl valve was used to start supplying the reactor with 
gas containing TMAl vapor to adhere aluminum nuclei to the sapphire 
substrate. After 2 minutes of this, the supply of TMAl to the 
reactor was stopped. One second later, the TMGa line valve was 
used to start supplying the reactor with gas containing TMGa 
vapor. This initiated the adhering of gallium to the aluminum 
nuclei on the substrate. After 4 minutes, the supply of TMGa 
to the reactor was stopped. This operation of supplying TMAl 
and TMGa to the reactor was repeated twice . 

Simultaneously with the stopping of the second time supply 
of TMGa vapor to the reactor, the ammonia gas line valve was 
used to start supplying the reactor with ammonia gas, initiating 
nitriding of the metal nuclei . After 10 seconds , the susceptor 
temperature was elevated to H60°C while maintaining the flow 
of ammonia gas. Next came the fabrication of the low Si doped 
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GaN layer . The same procedure described with reference to Example 
10 was used to grow a low Si doped GaN layer 12, a highly Si 
doped GaN layer 13 , an Ino.iGao.gN cladding layer 14 , a multi quantum 
well structure comprised of six GaN barrier layers 15 alternated 
with five non-doped Ino.aGao.sN well layers 16 , an Alo.aGao.gN diffusion 
prevention layer 17, a Mg-doped GaN layer 18 and a Mg-doped 
Ino.jGao.gN layer 19. 

After completion of the Mg-doped Ino.jGao.gN layer forming 
the topmost layer of the wafer, the induction heater was switched 
off and the substrate was allowed to cool to room temperature 
over a 20 -minute period, during which time the only gas in the 
reactor was nitrogen. After confirming that the substrate had 
cooled to room temperature , the wafer was taken out of the reactor . 
The wafer was transparent , with a yellowish tint , and the epitaxial 
layer had a mirror surface. 

Thus, in accordance with the foregoing procedure, a wafer 
was fabricated having a multilayer structure for semiconductor 
light -emitting device applications. The procedure used for 
Example 6 was used to form electrodes on the wafer, cut the 
wafer into chips and mount the chips on lead frames to form 
light -emitting devices. When a forward current of 20 mA was 
applied across the electrodes of a light -emitting diode thus 
fabricated, the forward voltage was 3.2V. The wavelength of 
light emitted through the p-side electrode was 470 nm, and the 
device exhibited an output of 5 cd. 
Example 12 

In this example, the method of the invention was used to 
form a gallium nitride-based compound semiconductor layer on 
a substrate, and to form other gallium nitride-based compound 
semiconductor layers on the first layer, to form a laminated 
structure constituting a semiconductor light -emitting device. 

Figure 8 shows the cross -sectional structure of a 
semiconductor light -emitting device fabricated in accordance 
with Example 12 . The MOCVD method was used to form a wafer having 
this multilayer structure for a semiconductor light -emitting 
device, as follows. Metal nuclei were formed on a sapphire 
substrate 11 heated to a high temperature by flowing a gas 
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containing triraethyl aluminum (TMAl) vapor, followed by the 
flowing of a gas containing trimethyl gallium (TMGa) vapor. 
The metal nuclei were then annealed in hydrogen and nitrided 
in ammonia . The following layers were then formed on the substrate , 
in the following order: a 2-\m low Si doped GaN layer 12 having 
an electron concentration of 1 x lo" cm-^ a l-pim highly Si doped 
GaN layer 13 having an electron concentration of 1 x 10" cm"^; 
a multi quantum well structure that started with a GaN barrier 
layer 15 and ended with a GaN barrier layer 15, comprising six 
70 -A GaN barrier layers 15 and five 20 -A non- doped Ino.jGao.gN 
well layers 16; a 30-A Alo.^Gao.gN diffusion prevention layer 17; 
and an 0 . 15-|xm Mg-doped GaN layer 18 having a hole-concentration 
of 8 X lo" cm"^. The wafer comprising the sapphire substrate 
and the above multilayer structure was used to fabricate a 
light -emitting diode. 

A wafer having the above multilayer epitaxial structure 
was fabricated by the MOCVD method, using the following procedure . 

First, the sapphire substrate 11 was put into a quartz 
reactor inside the RF coil of an induction heater. A glove box 
supplied with nitrogen gas was used to position the substrate 
on a carbon susceptor for heating, after which nitrogen gas 
was used to purge the inside of the reactor. After flowing the 
nitrogen gas for 10 minutes , the induction heater was activated 
and used to heat the substrate to 1170°C, with the temperature 
being elevated over a ten-minute period. At the same time, the 
pressure inside the reactor was adjusted to 50 hPa . The substrate 
temperature was maintained at 1170''C while hydrogen gas and 
nitrogen gas were flowed for 9 minutes to thermally clean the 
substrate surface. 

During the thermal cleaning , hydrogen carrier gas was flowed 
through bubblers containing trimethyl gallium (TMGa) and 
trimethyl aluminum (TMAl) connected to the reactor, to start 
the bubbling. A thermobath was used to keep the bubblers at 
a constant temperature. Until the start of the growth process, 
TMGa and TMAl vapor produced by the bubbling, together with 
the carrier gas, was released to the outside of the system via 
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a deharmanizing system . After completion of the thermal cleaning , 
the nitrogen gas valve was closed, so that only hydrogen was 
supplied to the reactor. 

After changing the carrier gas, the substrate temperature 
was reduced to 1160°C and the reactor pressure adjusted to 100 
hPa. After confirming the temperature had stabilized at 1160°C, 
the TMAl valve was operated to provide the reactor with a supply 
of gas containing TMAl vapor, initiating the process of adhering 
metal (Al) nuclei to the sapphire substrate 11. After 3 minutes 
of this process, the TMAl valve was used to stop the supply 
of the gas containing TMAl vapor . Next , the TMGa valve was operated 
to provide the reactor with a supply of gas containing TMGa 
vapor, again initiating the process of adhering metal (Ga) nuclei 
to the sapphire substrate 11. After 3 minutes of this process, 
the TMGa valve was used to stop the supply of gas containing 
TMGa vapor . In this way , formation of the metal nuclei was divided 
into two stages. 

This state was maintained for 5 minutes, annealing the 
metal nuclei thus formed in the hydrogen carrier gas. After 
the 5 -minute annealing , the ammonia line valve was used to initiate 
the supply of ammonia gas to the reactor to nitride the annealed 
metal nuclei, forming them into growth nuclei. The TMGa line 
mass flow controller was used to adjust the flow, while the 
flow of ammonia continued, and a flow of SiH4 was initiated. 
During the time until the initiation of the low Si doped GaN 
layer growth process, the SiH^ was released to the exterior via 
a deharmanizing system, together with the carrier gas. The TMGa 
and SiH4 flow rates were allowed to stabilize, after which the 
TMGa and SiH^ valves were used to start supplying the reactor 
with TMGa and SiH^, initiating the growth of the low Si doped 
GaN layer, which continued for about 75 minutes. Based on prior 
studies, the flow rate of the SiH4 was controlled to achieve 
an electron concentration of 1 x 10" cm"^ in the GaN layer. In 
this way, a low Si doped GaN layer 12 2 yaa thick was formed. 

Next, a highly Si doped n-GaN layer was grown on the low 
Si doped GaN layer 12. Specifically, after growing the low Si 
doped GaN .layer 12, the supply of TMGa and SiH^ to the reactor 



wo 02/17369 



PCT/JPOl/07080 



68 

was stopped for one minute, during which time the flow rate 
of the SiHi was changed. Based on prior studies, the flow rate 
of the SiH^ was controlled to provide the highly Si doped GaN 
layer with an electron concentration of 1 x 10^' cm''. The reactor 
continued to be supplied with ammonia at the same flow rate. 
After the one minute halt , the supply of TMGa and SiH^ was resumed 
and layer formation continued for 45 minutes, resulting in a 
highly Si doped GaN layer 13 1 fun thick. 

After forming the highly Si doped GaN layer 13, the TMGa 
and SiHi valves were used to halt the supply of these materials 
to the reactor, and the carrier gas was switched from hydrogen 
to nitrogen while maintaining the flow of ammonia . The temperature 
of the substrate was then decreased from IISCC to 800°C, and 
at the same time the reactor pressure was changed from 100 hPa 
to 200 hPa. While waiting for the reactor temperature to change, 
ammonia continued to be supplied to the reactor at the same 
flow rate. The flow of trimethyl indium (TMIn) and triethyl 
gallium (TEGa) carrier gas to the bubbler had already been started. 
Until the start of active layer formation, the TMIn and TEGa 
vapor produced by the bubbling was released to the outside of 
the system via a deharmanizlng system, with the carrier gas. 

Next to be fabricated was the multi quantum well structure 
comprised of the GaN barrier layers 15 and the Ino.jGao.aN well 
layers 16. Fabrication comprised first forming a GaN barrier 
layer 15 on the Si -doped GaN contact layer 13, then forming 
an Ino.aGao.gN well layer 16 on the GaN barrier layer 15. This 
structure was repeated five times, and the sixth GaN barrier 
layer 15 was then formed on the fifth Ino.zGao.aN well layer 16, 
creating a structure having a GaN barrier layer 15 at each end. 

To form the first GaN layer, the TEGa valve was used to 
supply TEGa to the reactor while maintaining the same substrate 
temperature, reactor pressure, carrier gas type and carrier 
gas flow rate. After 7 minutes the supply of TEGa was stopped, 
terminating the formation of the GaN barrier layer 15 at a thickness 
of 70 A. 

Following the completion of the GaN barrier layer 15, the 
supply of group III material was stopped for 30 seconds, and 
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the TEGa and TMIn valves were operated to supply TEGa and TMIn 
to the reactor, while at the same time maintaining the same 
substrate temperature, reactor pressure and carrier gas type 
and flow rate. After 2 minutes, the supply of TEGa TMIn was 
stopped, completing the formation of an Ino.zGao.gN well layer 
16 20 A thick. After finishing the Ino^Gao.gN well layer 16, 
the supply of group III material was halted for 30 seconds, 
after which the supply of TEGa to the reactor was initiated 
while maintaining the same substrate temperature, reactor 
pressure, carrier gas type and carrier gas flow rate, to grow 
another GaN barrier layer 15. This procedure was repeated five 
times to fabricate the five GaN barrier layers 15 and the five 
lUo.jGao.gN well layers 16. Finally, a GaN barrier layer 15 was 
formed on the final Ino.aGao.gN well layer 16. 

The following procedure was used to form a non- doped Alo.zGao.gN 
diffusion prevention layer 17 on the final GaN barrier layer 
15 of the quantum well structure. In the one minute following 
the stopping of the supply of TEGa to complete the GaN barrier 
layer 15, the reactor pressure was changed to 100 hPa while 
retaining the same substrate temperature and carrier gas type 
and flow rate. The flow of trimethyl alminum (TMAl) carrier 
gas to the bubbler had already been started. Until the start 
of the step of forming the dispersion prevention layer, TMAl 
vapor produced by the bubbling was released to the outside of 
the system via a deharmanizing system, with the carrier gas. 
After giving the reactor pressure time to stabilize, the TEGa 
and TMAl valves were operated to start the delivery of TEGa 
and TMAl to the reactor. Layer formation was effected for the 
next 3 minutes or so, after which the supply of TEGa and TMAl 
was stopped to stop the formation of the non-doped Alo.^Gao.sN 
diffusion prevention layer 17 . The non - doped Alo.jGao.sN diffusion 
prevention layer 17 thus obtaining was 30 A thick. 

The following procedure was then used to grow a Mg-doped 
GaN layer 18 on the non-doped Alj.zGao.gN diffusion prevention 
layer 17. In the 2 minutes after the supply of TEGa and TMAl 
was stopped to finish the growth of the non-doped Alo.jGao.eN 
diffusion prevention layer 17, the temperature of the substrate 
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was elevated to 1060°C, the reactor pressure changed to 200 hPa, 
and the carrier gas was changed, to hydrogen. A flow of 
bicyclopentadienyl magnesium (CpjMg) carrier gas through the 
bubbler had already started. Until the start of the step of 
forming the Mg- doped GaN layer , CpjMg vapor produced by the bubbling , 
was released to the outside of the system via the deharraanizing 
system, with the carrier gas. 

After the change of temperature and pressure, the reactor 
pressure was given time to stabilize and the supply of TMGa 
and CPzMg to the reactor was Initiated. The CpzMg flow rate had 
been studied beforehand, and was adjusted to achieve a hole- 
concentration of 8 X 10" cra"^ in the Mg-doped GaN cladding layer. 
After around 6 minutes of layer growth, the supply of TMGa and 
CpaMg was stopped to halt formation of the Mg-doped GaN layer. 
This process resulted in a 0.15 -Mm- thick Mg-doped GaN layer 18. 

A Mg-doped InGaN layer 19 was then fabricated on the Mg-doped 
GaN layer 18, as follows. After the supply of TMGa and CpaMg 
was stopped, terminating the growth of the Mg-doped GaN layer 
18, a 2 -minute period was used to lower the substrate temperature 
to BOO'C and to change the carrier gas to nitrogen. The reactor 
was kept at the same pressure of 200 hPa. The induction heater 
was then switched off and the substrate given 20 minutes to 
cool to room temperature. During this cooling period, the 
atmosphere in the reactor was comprised of a 1% mixture of ammonia 
in nitrogen. After confirming that the substrate had cooled 
to room temperature i the wafer thus formed was removed from 
the reactor. The wafer was transparent, with a yellowish tint, 
and the epitaxial layer had a mirror surface . Thus , in accordance 
with the foregoing procedure, a wafer was fabricated having 
an epitaxial structure for use in a semiconductor light -emitting 
device. The Mg-doped GaN layer 18 exhibited p-type 
characteristics even though no annealing was used to activate 
p-type carriers. 

A wafer having the above epitaxial structure formed on 
a sapphire substrate 11 was used to fabricate a light -emitting 
diode. A known photolithography process was used to fabricate 
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a p-side electrode on the surface 18a of the 100-A Mg-doped 
iHo.iGao.gN layer 18, by forming a p-electrode bonding pad 20 
comprised of a lamination of layers of titanium, aluminum, and 
gold, in that order, and a transparent p-side electrode 21 formed 
only of gold. Dry etching was then used to expose a portion 
131 of the highly Si doped GaN layer 13 for an n-side electrode, 
and an n-electrode 22 of Nl and Al was fabricated at the exposed 
portion 131. Figure 7 shows the shapes of the electrodes thus 
fabricated on the wafer. 

The reverse side of the sapphire substrate was then ground 
and polished to amlrror finish and the wafer cut into SSO-^m-square 
chips. A chip was then mounted on a lead frame electrode side 
up and connected to the lead frame with gold wire, to form a 
light -emitting device . When a forward current of 20 mA was applied 
across the electrodes, the forward voltage was 3.0 V. The 
wavelength of light emitted through the p-side translucent 
electrode was 472 nm, and emission output was 5.9 cd. 

Comparative Example 2 

In Comparative Example 2, a wafer was fabricated using 
the low- temperature buffer layer method of the prior art. This 
method was used to fabricate a non-doped film of gallium nitride 
crystal 2 fim thick on a substrate. The wafer thus prepared was 
colorless and transparent, and the epitaxial layer had a mirror 
surface . In the same way as in Example 10 , p- and n- side electrodes 
were formed on the wafer, and the reverse side of the sapphire 
substrate was ground and polished to a mirror finish, and the 
wafer was out into 350-Hm-sguare chips. A chip was then mounted 
on a lead frame electrode side up, and connected to the lead 
frame with gold wire, forming a light-emitting device. When 
a forward current of 20 mA was applied across the electrodes, 
the forward voltage was 4.0 V. The wavelength of light emitted 
through the p-side translucent electrode was 470 nm, and emission 
output was 3 od. 

The good quality of the gallium nitride-based compound 
semiconductor layer formed on the substrate in accordance with 



wo 02/17369 



PCT/JPOl/07080 



72 

the method of this invention improves the emission layer 
crystallinity, enhancing the emission quanttun yield. 

Example 13 

An example will now be described in which gallixim 
nitride-based compound semiconductor crystal is grown using 
a slow- growth mask layer formed on the substrate . In this example , 
the crystal was grown on the substrate in accordance with the 
steps shown in Figure 9 . The MOCVD method was used to fabricate 
an epitaxial specimen by flowing ammonia and disilane (SiaHg), 
then flowing a mixture of TMG and TMA, then flowing ammonia 
to form on a substrate heated to a high temperature, a mask 
layer having a region covered by silicon nitride and a region 
where aluminum nitride and gallium nitride were adhered to the 
sapphire substrate, and foming a non-doped GaN layer on that 
layer . 

The MOCVD method was used to fabricate a specimen that 
included the above GaN layer, as follows. 

A sapphire substrate 11 was placed In a quartz reactor 
inside the RF coll of an induction heater, where the substrate 
was mounted on a carbon susceptor for heating. The air was then 
evacuated from the reactor, through which nitrogen gas was then 
flowed to purge the interior of the reactor. After the nitrogen 
gas had been flowing for 10 minutes, the heater was activated 
and used to heat the substrate to 1170°C over a 10-minute period. 
The substrate was maintained at IIVCC for 9 minutes while flowing 
hydrogen and nitrogen gas, to thermally clean the substrate 
surface . 

During the thermal cleaning, hydrogen carrier gas was flowed 
through a bubbler, connected to the reactor, containing trimethyl 
gallium (TMG), to start the bubbling. A thermobath was used 
to keep the bubbler at a constant temperature. Until the start 
of the GaN layer growth process, the TMG vapor produced by the 
bubbling was released to the outside of the system via a 
deharmanizing system, along with the carrier gas. 

After completion of the thermal cleaning, the ammonia and 
disilane gas valves were used to effect flowing of ammonia and 
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disilane gas over the sapphire substrate for 1 minute, when 
the valves were used to stop the supply of the ammonia and disilane 
gas. Next, the nitrogen carrier gas valve was used to start 
supplying the reactor with nitrogen gas. After 1 minute, the 
TMA and TMG valves were turned on to supply the reactor with 
carrier gas containing TMG and TMA vapor for 1 minute, after 
which the supply of TMA and TMG was shut off and the carrier 
gas valve was used to start nitrogen flowing to the reactor. 
After 1 minute, the supply of ammonia to the reactor was started, 
and continued for 10 minutes, when it was turned off and the 
nitrogen supply turned on. The mask layer formed by these steps 
comprised silicon nitride regions 5 and gallium nitride aluminum 
regions 8. 

After forming the mask layer, the substrate temperature 
was reduced to 1160°C. After confirming the temperature had 
stabilized at 1160°C, the ammonia gas line valve was operated 
to start supplying the reactor with ammonia gas 4 . After 1 minute , 
the TMG line valve was operated to provide the reactor with 
gas containing TMG vapor to grow a GaN layer 9 on the mask layer. 
After the growth of the GaN layer had proceeded for some 2 hours , 
the TMG supply was shut of f to terminate the growth. The heater 
was then switched off and the specimen removed, using the procedure 
used in Example 1. Thus, in accordance with the foregoing 
procedure, a mask layer was formed on a sapphire substrate 1 
and a 2-|jm- thick GaN layer was formed on the mask layer to fabricate 
a specimen . The substrate removed from the reactor was colorless 
and transparent; the epitaxial layer had a mirror surface. 

XRC measurement of the non- doped GaN layer grown by the 
above method was performed . Using a Cu p line X line light source , 
measurement was conducted using the symmetrical (0002) plane 
and the asymmetrical (10-12) plane. Generally speaking, in the 
case of a gallium nitride-based compound semiconductor, the 
peak width at half height of the XRC spectrum of the (0002) 
plane is an index of the crystal's flatness, and the peak width 
at half height of the XRC spectrum of the (10-12) plane is an 
index of the dislocation density. The measurement showed the 
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(0002) plane to have a peak width at half height value of 280 
seconds, while that of the (10-12) plane was 300 seconds. 

Examination of the topmost surface layer of the GaN with 
an atomic force microscope showed a good surface morphology, 
with no growth pits . To measure the etching-pit density of the 
film, a specimen was immersed for 10 minutes at 280°C in a solution 
of sulfuric acid and phosphoric acid. The surface was then 
examined with an atomic force microscope to measure the etching-pit 
density, which was found to be around 9 x 10^ om"^. 

Example 14 

In this example, the crystal was grown on the substrate 
by the steps shown in Figure 10, using the MOCVD method. The 
surface of a sapphire substrate was nitrided by flowing ammonia 
gas at a high temperature . A mask layer was formed on the substrate 
by flowing a mixture of silane and TUG and then flowing ammonia, 
to form a mask layer comprising a region covered by silicon 
nitride and a region where gallium nitride adhered to the substrate . 
A non- doped GaN layer was then formed on the mask layer. 

The MOCVD method was used to fabricate a specimen that 
included the above GaN layer, as follows, using the same MOCVD 
apparatus as Example 13 . Thus , a sapphire substrate was thermally 
cleaned in the same way as in Example 13, during which bubbling 
was started. After completion of the thermal cleaning, the 
ammonia was flowed over the substrate for 20 minutes and then 
stopped. Next, the nitrogen carrier gas valve was operated to 
start supplying the reactor with nitrogen gas . Then, the silane 
and TMG valves were turned on to supply the reactor with carrier 
gas containing silane and TMG vapor for 30 seconds, after which 
the TMG and silane were shut off and the carrier gas valve was 
used to start the delivery of nitrogen to the reactor. After 
1 minute , a flow of ammonia to the reactor was started and continued 
for 10 minutes, after which it was turned off and the nitrogen 
supply turned on . This process formed a mask layer on the sapphire 
substrate comprising silicon nitride regions 5 and gallium nitride 
regions 8. 

After forming the mask layer, the substrate temperature 
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was reduced to IISO'C. After confirming the temperature had 
stabilized at 1180°C, the ammonia supply was turned on to flow 
ammonia to the reactor. After 1 minute of this, the TMG line 
valve was opened to supply the reactor with gas containing TMG 
vapor to form a GaN layer on the mask layer. After some 2 hours 
of growing the GaN layer, the TMG supply was shut off to stop 
the growth process. The heater was then switched off and the 
specimen removed from the reactor, using the procedure described 
in Example 1. Thus, in accordance with the foregoing procedure, 
a mask layer (5, 8) was formed on the sapphire substrate 1 and 
forming a 2 -[xm- thick GaN layer was formed on the mask to fabricate 
a specimen . The substrate removed from the reactor was colorless 
and transparent, with a mirror- surface epitaxial layer. 

XRC measurement of the non- doped GaN layer grown by the 
above method was performed. The (0002) plane had a peak width 
at half height value of 290 seconds, while that of the (10-12) 
plane was 420 seconds. Examination of the surface of the topmost 
layer of the GaN with an atomic force microscope showed a good 
surface morphology, with no growth pits. To measure the 
etching-pit density of the film, a specimen was prepared in 
the same way as in Example 13 , and an atomic force microscope 
was used to measure the etching-pit density, which was found 
to be around 6 x 10^ cm"^. 

Example 15 

This example is used to describe a method of fabricating 
a light -emitting device using gallium nitride-based compound 
semiconductor that includes a step of fabricating the gallium 
nitride -based compound semiconductor by the method described 
in Example 13. The cross -sectional structure of the 
light -emitting device thus fabricated had the same structure 
as Example 12, shown in Figure 8. The MOCVD method was used 
to form a wafer having this multilayer structure for a 
semiconductor light -emitting device, by flowing ammonia and 
disilane (SIM. then a mixture of IMG and TMA, then ammonia 
to form, on a sapphire substrate heated to a high temperature, 
a mask layer having a region covered by silicon nitride and 
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a region covered with GaAlN. The following layers were then 
formed thereon, in the following order: a 2~im low Si doped GaN 
layer 12 having an electron concentration of 1 x 10" Gm"^• a l-Mm 
highly Si doped GaN layer 13 having an electron concentration 
of 1 X 10^^ cm'^; a multi quantum well structure that started with 
a GaN barrier layer 15 and ended with a GaN barrier layer 15, 
comprising six 7 0 - A GaN barrier layers 15 and five 20 - A non-doped 
Ino.jGao.gN well layers 16; a 30- A Alo.zGao.gN diffusion prevention 

layer 17; and an 0.15 -Mm Mg-doped GaN layer 18 having a 
hole -concentration of 8 x lo" cm"^. 

Using the MOCVD method and the same procedure as Example 
13, the first layer to be formed was the 2-nm-thick, flat-surface, 
low Si doped GaN layer 12 having an electron concentration of 
1 X 10" om"^ Then, using the same procedure described in Example 
12, the highly Si doped GaN layer 13 was formed on the GaN layer 
12, followed by the multi quantum well structure, the Alo.zGao.sN 
diffusion prevention layer 17, and the Mg-doped GaN layer 18. 

On the wafer removed from the reactor, a known 
photolithography process was used to fabricate a bonding pad 
comprised of layers of titanium, alximinum, and gold, laminated 
in that order starting from the surface of the p-type InGaN 
layer, and a transparent p-slde electrode formed of gold and 
nickel oxide layers, arranged in that order. Dry etching was 
then used to expose a portion of the n-type GaN layer for the 
n-side electrode, and an n-side electrode of aluminum was 
fabricated on the exposed portion. The reverse side of the 
sapphire substrate was then ground and polished to a mirror 
finish and the wafer out Into 3 50 -(>un- square chips. A chip was 
then mounted on a lead frame electrode side up and connected 
to the lead frame with gold wire, to form a light -emitting device. 
When a forward current of 20 mA was applied across the electrodes , 
the forward voltage was 3.0 V. The wavelength of light emitted 
through the p-side translucent electrode was 465 nm, and emission 
output was 3 cd. 

Industrial applicability: 
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As described in the foregoing, the method of fabricating 
group-Ill nitride semiconductor crystal, according to this 
invention, readily enables the fabrication of high-quality 
group- III nitride semiconductor crystal without the rigorous 
control of fabrication conditions that is required by the prior 
art method using a low- temperature buffer layer. As a result, 
when the group- III nitride semiconductor crystal formed by the 
method of this invention is used to fabricate light -emitting 
devices, substantially uniform high-brightness device 
characteristics can be obtained with devices fabricated from 
virtually any part of the wafer. 

Moreover, in accordance with the method of fabricating 
gallium nitride-based compound semiconductor of this invention, 
the gallium nitride-based compound semiconductor is fabricated 
by adhering metal nuclei to the substrate to use as growth nuclei . 
In addition, a gallium nitride-based compound semiconductor 
layer is also grown on the growth nuclei. The density of the 
metal nuclei on the substrate can be controlled by controlling 
the metallo- organic gas flow rates , the timing of gas utilization , 
process temperatures, and other conditions. 

Anneaiing and nitriding of the metal nuclei enable them 
to be applied to vertical and horizontal epitaxial growth, and 
also makes it possible to obtain growth nuclei of a desired 
shape, such as trapezoidal, for example. More gallium 
nitride-based compound semiconductor is grown on the growth 
nuclei, filling the spaces between adjacent growth nuclei and 
making it possible to grow flat layers thereon. It is therefore 
possible to form layers of gallium nitride-based compound 
semiconductor having a desired thickness and good orystallinity . 
Since a gallium nitride-based compound semiconductor is overlaid 
on the surface of the gallium nitride-based compound semiconductor 
layer, very good lattice matching characteristics can be 
maintained. Thus, it is possible to form on the substrate layers 
of gallitim nitride-based compound semiconductor, each having 
good orystallinity. This improves the emission characteristics 
of a semiconductor light -emitting device fabricated using the 
gallium nitride-based compound semiconductor. A semiconductor 
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light -emitting device fabricated by the above method can also 
be used in electronic equipment, vehicles, traffic signals and 
the like as a light source having good brightness and other 
such emission characteristics. And, compared to semiconductor 
light -emitting devices fabricated by prior art methods, 
light -emitting devices fabricated by the method of this invention 
are more efficient and deteriorate at a slower rate, so they 
use less energy, reduce costs, and do not have to be replaced 
as frequently. 
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CLAIMS 

1 . Amethodof f abricatingagroup-IIl nitride semiconductor 
crystal comprising: a first step of depositing particles of 
a group III metal on a substrate surface; a second step of nitriding 
the particles in an atmosphere containing a nitrogen source; 
and a third step of using a vapor phase growth method to grow 
a group-Ili nitride semiconductor crystal represented by 
In^Ga^l^N, where x + y+ z = l, Osxsl, 0:sysl, andO:s 

z ^ 1 , on the substrate surface on whfch the particles have been 
deposited. 

2. The method according to claim 1, wherein the substrate 
is a sapphire (AljOg) substrate. 

3. The method according to claim 1, wherein the group III 
metal is In„Ga^l„, where u + v + w= l, Osusl, Osvsl, 
and 0 :s w s 1. 

4. The method according to claim 1. wherein the group III 
metal particles are deposited by thermal decomposition of 
metallo- organic material. 

5. The method according to claim 1, wherein the first step 
is performed in an atmosphere containing no nitrogen source. 

6. The method according to claim 1 or claim 5, wherein 
the first step is performed at or above a melting point of the 
group III metal. 

7 . The method according to claim 1 , wherein the second 
step is performed in an atmosphere containing no metal material. 

8. The method according to claim 1 or claim 7, wherein 
the second step is performed at or above a temperature used 
in the first step. 

9 . The method according to claim 1, wherein the third step 
is performed at or above a temperature used in the second step. 

10. The method according to claim 1, wherein the vapor 
phase growthmethod is ametallo-organio chemical vapor deposition 
method. 

11. The method according to claim 1, wherein the group 
III metal particles nltrided in the second step are polycrystalline 
and/or noncrystalline group-Ill nitrides and include unreacted 
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metal . 

12. The method according to claim 1, further comprising 
a step of forming a mask layer on the substrate to grow a gallium 
nitride-based compound semiconductor crystal at a low growth 
rate, thereby selectively growing the gallium nitride -based 
compound semiconductor crystal. 

13. The method according to claim 12, wherein the mask 
layer formed on the substrate comprises a portion comprised 
of material on which gallium nitride-based compound semiconductor 
growth rate is low and a portion comprised of material on which 
gallium nitride-based compound semiconductor growth rate is 
high. 

14. The method according to claim 12, wherein the step 
of forming the mask layer is performed in an epitaxial growth 
apparatus used to grow the gallium nitride-based compound 
semiconductor crystal. 

15. The method according to claim 12, wherein the mask 
layer is formed by flowing a Si-containing material gas over 
the substrate. 

16. The method according to claim 12, wherein the mask 
layer is formed by simultaneously flowing a Si -containing material 
gas and ammonia over the substrate. 

17. The method according to claim 12, wherein the mask 
layer formed includes a portion that covers the substrate and 
a portion that exposes the substrate. 

18. The method according to claim 12, wherein the mask 
layer is formed by simultaneously flowing a 
group- III -element -containing material gas and a Si-containing 
material gas over the substrate. 

19. A method of fabricating a group-Ill nitride 
semiconductor crystal comprising: af irst stepof , in an atmosphere 
containing no nitrogen source, using thermal decomposition of 
metallo- organic material that includes at least one metal element 
selected from among In , Ga and Al to deposit on a sapphire substrate 
a metal represented by ln„Ga^l„, where u + v + w= l, Osu^ 
1 , 0 £ V £ 1 and 0 <; w £ 1 , at a temperature Tl that is not lower 
than a melting point of said metal; a second step of nitriding 
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the deposited metal at a temperature T2, where T2 a Tl, in an 
atmosphere containing a nitrogen soiirce and no metallo- organic 
material; and a third step of using a metallo -organic chemical 
vapor deposition method to epitaxially grow on the sapphire 
substrate on which the metal has been deposited, at a temperature 
T3, where T3 a T2, a group-Ill nitride semiconductor crystal 
represented by In^GayAl^N, where x + y+ z«l, Osx^l, Os 
y s 1 and 0 s z s: 1. 

20. The method according to claim 19 , wherein the sapphire 
substrate has a (0001) plane having a vertical axis inclined 
from <0001> in a specific direction. 

21. The method according to claim 20, wherein the specific 
direction is <1-100> and an angle of inclination from <0001> 
is from 0.2° to 15°. 

22. The method according to claim 19, wherein the 
temperature Tl is not lower than 900°C and the temperature T3 
is not lower than 1000°C. 

23. The method according to claim 19, wherein, the thermal 
decomposition of metallo -organic material in the first step 
takes place in a hydrogen atmosphere. 

24. The method according to claim 19, wherein the metal 
is deposited on the sapphire substrate not as a layer but as 
particles . 

25. The method according to claim 24, wherein the metal 
particles has a height of not less than 50 A and not more than 

1000 A from the sapphire substrate surface to an apex of the 
metal particles, 

26. The method according to claim 19, wherein the metal 
nitrided in the second step is comprised of polycrystals which 
are in a region of In„Ga^l^^, where u + v + w= l, O^u, v, 

w <: 1 and 0 < k < 1, in which a stoichiometric ratio between 
the nitrogen and the metal is not 1:1. 

27. The method according to claim 19, further comprising 
a step of forming a mask layer on the substrate to grow a gallitim 
nitride-based compound semiconductor crystal at a low growth 
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rate, thereby selectively growing the gallium nitride-based 
compound semiconductor crystal. 

28. The method according to claim 27, wherein the mask 
layer formed on the substrate comprises a portion comprised 
of material on which gallium nitride-based compound semiconductor 
growth rate is low and a portion comprised of material on which 
gallium nitride-based compound semiconductor growth rate is 
high. 

29. The method according to claim 27, wherein the step 
of forming the mask layer is performed in an epitaxial growth 
apparatus used to grow the gallium nitride-based compound 
semiconductor crystal. 

30. The method according to claim 27, wherein the mask 
layer is formed by flowing a Si-containing material gas over 
the substrate. 

31. The method according to claim 27, wherein the mask 
layer is formed by simultaneously flowing a Si -containing material 
gas and ammonia over the substrate. 

32. The method according to claim 27, wherein the mask 
layer formed comprises a portion that covers the substrate and 
a portion that exposes the sapphire substrate. 

33. The method according to claim 27, wherein the mask 
layer is formed by simultaneously flowing a 
group- III -element -containing material gas and a Si-containing 
material gas over the substrate. 

34. A method of fabricating a group-III nitride 
semiconductor crystal represented by In^GayAl^N, where x + y + 
z = l, 0 £ X £ 1, 0 ^ Y ^ 1 and 0 :s z s 1, comprising: a first 
step of supplying group III metal material to a substrate to 
deposit the group III metal material and/or decomposition products 
thereof on the substrate; a second step of heat-treating the 
substrate in an atmosphere containing a nitrogen source; and 
a third step of using the group III metal material and nitrogen 
source to grow a group-III nitride semiconductor crystal on 
the substrate by a vapor phase method. 

35 . The method according to claim 34 , wherein the group-III 
nitride semiconductor crystal grown on the substrate has a surface 
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With a (0001) plane having a vertical axis Inclined from <0001> 
in a specific direction. 

36 . The method according to claim 35 , wherein the specific 
direction is <ll-20> and an angle of inclination from <0001> 
is from 0.2° to 15°. 

37. The method according to claim 34, further comprising 
a step of forming a mask layer on the substrate to grow a gallium 
nitride-based compound semiconductor crystal at a low growth 
rate, thereby selectively growing the gallium nitride-based 
compound semiconductor crystal. 

38. The method according to claim 37, wherein the mask 
layer formed on the substrate comprises a portion comprised 
of material on which gallium nitride-based compound semiconductor 
growth rate is low and a portion comprised of material on which 
gallium nitride -based compound semiconductor growth rate is 
high. 

39. The method according to claim 37, wherein the step 
of forming the mask layer is performed in an epitaxial growth 
apparatus used to grow the gallium nitride-based compound 
semiconductor crystal. 

40. The method according to claim 37, wherein the mask 
layer is formed by flowing a Si-containing material gas over 
the substrate. 

41. The method according to claim 37, wherein the mask 
layer is formed by simultaneously flowing a Si -containing material 
gas and ammonia over the substrate. 

42. The method according to claim 37, wherein the mask 
layer formed comprises a portion that covers the substrate and 
a portion that exposes the substrate. 

43. The method according to claim 37, wherein the mask 
layer is formed by simultaneously flowing a 
group-III-element-containing material gas and a Si-containing 
material gas over the substrate. 

44. Amethod of fabricating a galliumnitride-based compound 
semiconductor, comprising,- a first step of adhering metal nuclei 
to a substrate; a second step of annealing the metal nuclei; 
a third step of nitriding the annealed metal nuclei to form 
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growth nuclei ; and a fourth step of growing a gallium nitride-based 
compound on the substrate having the growth nuclei to form and 
grow a layer of gallium nitride-based compound semiconductor 
crystal. 

45 . The method according to claim 44 , wherein the substrate 
is a sapphire substrate. 

46 . The method according to claim 44 , wherein, in the first 
step, the metal nuclei are adhered to the substrate by flowing 
a source gas containing vapor of metallo -organic material and 
no nitrogen source. 

47. The method according to claim 46, wherein the 
metallo -organic material comprises at least one member selected 
from among a metallo -organic material that contains gallium, 
a metallo -organic material that contains aluminum and a 
metallo -organic material that contains indium. 

48 . The method according to claim 44 , wherein , in the second 
step, the metal nuclei are annealed by flowing just carrier 
gas containing neither a nitrogen ' source nor metallo-organic 
material vapor. 

49 . The method according to claim 44 , wherein, in the third 
step, the metal nuclei are nitrided by flowing gas containing 
a nitrogen source and no metallo-organic material vapor. 

50 . The method according to claim 44 , wherein , in the fourth 
step, the gallium nitride-based compound semiconductor crystal 
is grown by a metallo-organic chemical vapor deposition method 
by flowing gas containing both a nitrogen source and vapor of 
metallo-organic material. 

51. The method according to claim 44 or claim 48, wherein 
the second step is performed at a temperature not lower than 
a temperature at which the first step is performed. 

52. The method according to claim 44 or claim 49, wherein 
the third step is performed at a temperature not lower than 
a temperature at which the second step is performed. 

53. The method according to claim 44 or claim 50, whrerin 
the fourth step is performed at a temperature not lower than 
a temperature at which the third step is performed. 

54. The method according to claim 44, wherein the third 



wo 02/17369 



PCT/JPOl/07080 



85 

Step is performed after alternating the first and second steps 
two or more times. 

55. The method according to claim 44, wherein the fourth 
step is performed after repeating the first, second and third 
steps two or more times. 

56. The method according to claim 44, wherein the first 
step comprises two steps, which are a f irst-stage step of flowing 
a gas containing vapor of at least one member selected from 
among raetallo- organic material containing aluminum, 
metallo- organic material containing gallium and metallo- organic 
material containing indium, and a second- stage step of flowing 
a gas containing vapor of a different metallo -organic material 
from that of the first-stage step. 

57. The method according to claim 56, wherein the second 
step is performed after alternating the first -stage and 
second-stage steps of the first step two or more times. 

58. The method according to claim 44, wherein the growth 
nuclei are substantially trapezoidal nitride semiconductor 
crystals having a flat apex that is parallel to the substrate 
and flat sides. 

59. The method according to claim 44, further comprising 
a step of growing a separate layer of gallium nitride-based 
compound semiconductor crystal on the gallium nitride-based 
compound semiconductor crystal layer formed in the fourth step. 

60. The method according to claim 44, further comprising 
a step of forming a mask layer on the substrate to grow a gallium 
nitride-based compound semiconductor crystal at a low growth 
rate, thereby selectively growing the gallium nitride-based 
compound semiconductor crystal. 

61. The method according to claim 60, wherein the mask 
layer formed on the substrate comprises a portion comprised 
of material on which gallium nitride-based compound semiconductor 
growth rate is low and a portion comprised of material on which 
gallium nitride-based compound semiconductor growth rate is 
high. 

62. The method according to claim 60, wherein the step 
of forming the mask layer is performed in an epitaxial growth 



wo 02/17369 



PCT/JPOl/07080 



86 

apparatus used to grow the gallium nitride -based compound 
semiconductor crystal. 

63. The method according to claim 60, wherein the mask 
layer is formed by flowing a Si -containing material gas over 
the substrate. 

64. The method according to claim 60, wherein the mask 
layer is formed by simultaneously flowing a Si-containingmaterial 
gas and ammonia over the substratie. 

65. The method according to claim 60, wherein the mask 
layer formed comprises a portion that covers the substrate and 
a portion that exposes the substrate. 

66. The method according to claim 60, wherein the mask 
layer is formed by simultaneously flowing a 
group- III -element -containing material gas and a Si-containing 
material gas over the substrate. 

67 . Amethodof f abricatingagalliumnitride-basedcompound 
semiconductor comprising: a first step of adhering metal nuclei 
to a substrate in which the first step comprises two steps, 
which are a first-stage step of flowing a gas containing vapor 
of at least one member selected from among met alio -organic material 
containing aluminum, metallo- organic material containing gallium 
and metallo -organic material containing indium, and a 
second- stage step of flowing gas containing vapor of a different 
met alio -organic material from that of the first -stage step; 
a second step of nitriding the metal nuclei to form growth nuclei; 
and a third step of growing a gallium nitride-based compound 
on the substrate having the growth nuclei to form and grow a 
layer of gallium nitride-based compound semiconductor crystal. 

68 . The method according to claim 67 , wherein the substrate 
is a sapphire substrate. 

69. The method according to claim 67, wherein the second 
step is performed after alternating the first -stage and 
second- stage steps of the first step two or more times. 

70. The method according to claim 67, wherein the third 
step is performed after alternating the first and second steps 
two or more times. 

71 . The method according to claim 67, wherein, in the first 
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step, the metal nuclei are adhered to the substrate by flowing 
a gas containing metallo -organic material vapor and no nitrogen 
source . 

72 . The method according to claim 67 , wherein , in the second 
step, the metal nuclei are nitrided by flowing gas containing 
a nitrogen source and no metallo -organic material vapor. 

73 . The method according to claim 67 , wherein, in the third 
step, the gallium nitride-based compound semiconductor crystal 
is grown by a metallo -organic chemical vapor deposition method 
by flowing gas containing both a nitrogen source and vapor of 
metallo -organic material.' 

74. The method according to claim 67 or claim 72, wherein 
the second step is performed at a temperature not lower than 
a temperature at which the first step is performed. 

75. The method according to claim 67 or 73, wherein the 
third step is performed at a temperature not lower than a 
temperature at which the second step is performed. 

76. The method according to claim 67, wherein the growth 
nuclei are substantially trapezoidal group-Ill nitride 
semiconductor crystals having a flat apex that is parallel to 
the substrate and flat sides, 

77. The method according to claim 67 further comprising 
a fourth step of growing a separate layer of gallium nitride-based 
compound semiconductor crystal on the gallium nitride-based 
compound semiconductor crystal layer formed in the third step. 

78. The method according to claim 67 further comprising 
a fifth step of forming a mask layer on the substrate to grow 
a gallium nitride-based compound semiconductor crystal layer 
at a low growth rate, thereby selectively growing the gallium 
nitride-based compound semiconductor crystal layer. 

79. The method according to claim 78, wherein the mask 
layer formed on the substrate comprises a portion comprised 
of material on which gallium nitride -based compound semiconductor 
growth rate is low and a portion comprised of material on which 
gallium nitride-based compound semiconductor growth rate is 
high. 

80. The method according to claim 78, wherein the step 
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of forming the mask layer is performed in an epitaxial growth 
apparatus used to grow the gallium nitride -based compound 
semiconductor crystal. 

81. The method according to claim 78, wherein the mask 
layer is formed by flowing a Si-bontaining material gas over 
the substrate. 

82. The method according to claim 78, wherein the mask 
layer is formed by simultaneously flowing a Si- containing material 
gas and ammonia over the substrate. 

83. The method according to claim 78, wherein the mask 
layer formed comprises a portion that covers the substrate and 
a portion that exposes the substrate. 

84. The method according to claim 78, wherein the mask 
layer is formed by simultaneously flowing a 
group- II I -element -containing material gas and a Si-containing 
material gas over the substrate. 

85. A group- III nitride semiconductor fabricated by the 
method of fabricating the group III gallium nitride -based compound 
semiconductor crystal according to any one of claim 1, 19 and 
34. 

86. A gallium nitride-based compound semiconductor 
fabricated by the method of fabricating the gallium nitride-based 
compound semiconductor according to claim 44 or claim 67. 

87. A gallium nitride-based compound semiconductor 
light -emitting device fabricated using the group III gallium 
nitride -based compound semiconductor according to claim 85 or 
the gallium nitride-based compound semiconductor according to 
claim 86. 

88. A light source fabricated using the gallium 
nitride-based compound semiconductor light-emitting device 
according to claim 87. 
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